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Abstract
This thesis presents a study of the vertical disk structure and star formation in
four edge-on spiral galaxies (NGC 891, 4157, 4565, and 5907) observed in CO with
BIMA/CARMA, H I with VLA, and IR (3.6 and 24 µm) with Spitzer. We first de-
rive the radial density distributions for the edge-on galaxies using our PVD method
for the radio data and GIPSY task RADPROF for IR data. The derived radial pro-
files are used to verify the correlation between star formation rate (SFR) and gas
surface densities (ΣH2 and Σgas), and between the ΣH2/ΣHI ratio and the hydrostatic
midplane pressure that have been found in face-on galaxies by previous studies. In
addition, we examine the relationship between SFR and the molecular gas based on
a pixel-by-pixel method.
In order to estimate the volume densities of gas and stars, we measure the disk
thickness as a function of radius, taking into account projection effects for less edge-
on galaxies (NGC 4157, 4565, and 5907) by determining and correcting for the disk
inclination. We also infer the vertical velocity dispersions with radius using the de-
rived volume densities and disk thicknesses. Overall, the disk thicknesses increase
with radius and the velocity dispersions decrease as a function of radius.
We test the importance of gravitational instability parameter Q in determining
massive star forming regions and the importance of interstellar gas pressure in control-
ling the ρH2/ρHI ratio for two cases: varying and constant velocity dispersions. The
Q parameter does not show a clear correlation with massive star formation although
Q using varying velocity dispersion shows marginal instability in some galaxies. Both
velocity dispersion models seem to show a well defined power-law relationship be-
tween the pressure and the ρH2/ρHI ratio, although their relationship is tighter for
the constant values. We conclude that the ρH2/ρHI ratio is more closely related to the
gas volume density than to the pressure.
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1 Introduction
Stars form within dense molecular clouds in the interstellar medium (ISM) and return
stellar matter and energy into the ISM by stellar winds, supernova explosions, and
radiation. Therefore, star formation is fundamentally related to properties of the ISM
such as molecular to atomic ratio, interstellar pressure, and gravitational instability.
Numerous studies have attempted to find how well these properties are correlated
with star formation, however relatively little is known about their relationships. My
thesis seeks to uncover which properties of the ISM determine the star formation
rate (SFR) and how the observed relationships with SFR arise. This study is very
important to understand galaxy formation and evolution, since the ISM and stars
are the main components of galaxies. Furthermore, the presence or absence of the
cold ISM and star formation appears to be a major distinguishing characteristic of
galaxies, determining their future morphology and dynamics.
1.1 Edge-On Disk Galaxies
1.1.1 Photometric properties
Photometric studies using spiral galaxies revealed that galactic disks obey an ex-
ponential surface density distribution in radius (e.g., de Vaucouleurs 1958; Freeman
1970). On the other hand, the vertical stellar distribution is assumed to follow a sech2
function (Spitzer 1942) appropriate for an isothermal and self-gravitating disk. The
exponential radial distribution and the sech2 (isothermal) vertical distribution were
incorporated into a model which has been fitted to surface photometry of edge-on
galaxies by van der Kruit & Searle (1981a, 1981b, 1982). However, later on, some
observational studies based on model fitting suggested an exponential distribution
along the vertical direction of the stellar disk (van der Kruit 1988, and references
therein). Accordingly, the galactic disk model has been modified by van der Kruit
(1988) to allow either an isothermal or exponential vertical distribution depending on
a free parameter. de Grijs & van der Kruit (1996) fitted model distributions to the
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stellar vertical profiles of a sample of edge-on galaxies and found that the best fitting
model is an intermediate sech function. Banerjee & Jog (2007) have shown that the
gravitational effect of a thin gas disk causes the vertical profile of stars to lie between
the isothermal and exponential distributions.
1.1.2 Models of vertical distribution
A more general form of the stellar disk model, giving the three-dimensional distribu-
tion of light, is given by van der Kruit & Freeman (2011) as
L(R, z) = L(0, 0) e−R/h sech2/n
(
nz
2hz
)
, (1.1)
where L(0, 0) is the luminosity density at the center, h is the scale length, hz is the
scale height independent of radius R, and n is the parameter controlling the vertical
distribution form:
n = 1 : L(z) ∝ sech2(z/z0), with z0 = 2hz (1.2)
n → ∞ : L(z) ∝ exp(−z/hz). (1.3)
We adopt the case of n = 1 for the isothermal galactic disk throughout this disser-
tation. This allows us to relate the observed scale height with the vertical velocity
dispersion in a straightforward manner. van der Kruit & Searle (1981a, 1981b) sug-
gested that the stellar scale hight is independent of radius based on edge-on galaxy
observations. However, more recent studies have shown that the stellar scale height
increases moderately with radius, by fitting an exponential or sech2 function to edge-
on galaxies (e.g., de Grijs & Peletier 1997; Narayan & Jog 2002a). We will examine
whether the stellar scale height varies with radius by fitting the isothermal sech2
function to the stellar vertical distributions of our sample of edge-on galaxies.
The vertical velocity dispersion of gas is usually assumed to be constant since it is
difficult to measure directly. However, recent observational studies found a negative
radial gradient in the gas velocity dispersion. Tamburro et al. (2009) have obtained
the H I velocity dispersion from the second moment maps of 11 disk galaxies. Their
results showed that the H I velocity dispersion decreases as a function of radius. We
will derive the velocity dispersions of gas and stars by solving the Poisson equation for
a multi-component disk (Narayan & Jog 2002b). The gas velocity dispersion plays
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an important role in estimating the interstellar gas pressure and the gravitational
instability parameter, Q. Therefore, using the obtained velocity dispersion with ra-
dius rather than adopting the assumed constant velocity dispersion will provide more
accurate values for the pressure and the Q parameter.
1.2 The Star Formation Law
The rate of star formation, which indicates how much gas is converted into stars
per unit time, is essential for modeling galaxy evolution (e.g., Springel & Hernquist
2003) since galaxies evolve due in part to the conversion process between gas and
stars. Therefore, understanding the star formation rate is required to understand
galaxy evolution. Many studies have investigated the relationships between SFR
and the properties of the ISM to better understand what sets the SFR in galaxies.
First, Schmidt (1959) suggested a power-law relationship between the SFR volume
density and the gas volume density: ρSFR ∼ (ρgas)n. Later on, Kennicutt (1998)
characterized the relationship between surface densities of gas (Σgas) and SFR (ΣSFR)
based on observations. This commonly used relation is referred to as the Kennicutt-
Schmidt law: ΣSFR ∼ (Σgas)1.4. Following Kennicutt’s pioneering work, a number
of studies have fitted power-law relationships between ΣSFR and one or more of the
quantities Σgas, ΣH2 , and ΣHI for nearby galaxies. Studies involving CO emission have
suggested that ΣSFR is better correlated with ΣH2 than ΣHI (e.g., Wong & Blitz 2002;
Bigiel et al. 2008), contrary to what Kennicutt (1998) found with disk-averaged values
in 61 normal galaxies. Wong & Blitz (2002) showed the strong correlation between
ΣSFR and ΣH2 and the lack of correlation between ΣSFR and ΣHI using azimuthally
averaged values in molecular-rich galaxies. Bigiel et al. (2008) verified the superior
correlation between ΣSFR and ΣH2 based on pixel-by-pixel analysis in 7 H2 dominated
and 11 H I dominated galaxies. It is important to point out that most correlation
plots showing the star formation (SF) law in the literature use mass surface densities
rather than volume densities for SFR and gas, assuming a constant scale height for
the gas. However, recent studies have shown that the gas scale height varies as a
function of radius (e.g., Narayan & Jog 2002b; Abramova & Zasov 2008), and this
may have noticeable effects on the star formation law. A recent study by Abramova
& Zasov (2008) found that the star formation law based on volume density shows a
better fit compared to the relation based on surface density, but the volume density
in their study was obtained using the inferred gas thickness by dynamical modeling.
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We will measure the disk thickness directly using our sample of edge-on galaxies in
order to obtain the midplane volume density. This will allow us to investigate the
star formation law based on volume density.
The star formation efficiency is defined by the ratio of the SFR surface density
to gas surface density (SFE = ΣSFR/Σgas). It is also a useful quantity to study
star formation, since the SFE enables us to measure the gas depletion time by star
formation (= SFE−1). Rownd & Young (1999) have found that the SFE is roughly
constant within 121 galaxies based on CO observations, which is consistent with
the strong correlation between ΣSFR and ΣH2 . This phenomenon is also reported by
Bigiel et al. (2008) and Leroy et al. (2008) in the region where ΣH2 > ΣHI. In addition,
they have shown that the SFE decreases with radius outside this region (in the H I
dominated disk).
1.3 Gravitational Instability
In many galaxies, star formation appears to end abruptly at a radius referred to
as the star formation threshold radius. Kennicutt (1989) and Martin & Kennicutt
(2001) have suggested that the star formation threshold is connected to gravitational
instability, which is expressed by the Toomre parameter Q (Toomre 1964), although
the role of the Q parameter in determining star formation is still being debated (e.g.,
Hunter et al. 1998; Wong & Blitz 2002; Bigiel et al. 2010). The gravitationally
unstable region in the gas disk is defined by
Qgas ≡ κσg
πGΣgas
< 1. (1.4)
Here κ and σg are the epicyclic frequency and the gas velocity dispersion (assumed
isotropic), respectively. In order to fully understand the role of the Q parameter
in a more realistic galaxy, the Q parameter for the stellar component is also needed
(e.g., Jog & Solomon 1984; Rafikov 2001) when investigating the relationship between
star formation and gravitational instability. In addition, the radial dependence of the
velocity dispersion should be considered instead of the usual assumption of constancy.
Wang & Silk (1994) suggested a simple expression for the effective Q parameter
in two-component (gas+stars) disks:
Q−1WS ≈ Q−1star +Q−1gas, (1.5)
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where Qstar(= κσ∗,r/πGΣ∗) is the Toomre parameter for stars, σ∗,r is the radial stellar
velocity dispersion, and Σ∗ is the radial density profile of stars. The QWS parameter
given by Wang & Silk (1994) has been used in many previous studies (e.g., Martin
& Kennicutt 2001; Boissier et al. 2003). However, the Wang-Silk QWS parameter
has been claimed by some studies to be inappropriate. Jog (1996) stated that the
QWS parameter is not valid due to use of “a wrong definition of Q” and an incorrect
analysis related to wavenumbers. Romeo & Wiegert (2011) showed that the accuracy
of the Wang-Silk Q is very low when compared to previous work by Bertin & Romeo
(1988) and suggested a new approximation for Q, which is applicable for thick disks.
Jog & Solomon (1984) provided an alternative definition for the effective Q pa-
rameter in two components, consisting of both collisional gas and stars. Later on,
Rafikov (2001) has extended the work by Jog & Solomon (1984) with the inclusion
of stars as a collisionless (instead of collisional) component. We will derive the in-
stability parameter Q in a thin rotating disk model consisting of both gas and stars
as provided by Rafikov (2001) using the varying velocity dispersions of gas and stars
that we estimate in this study. In addition, we will compare the Rafikov Q with the
recent approximation considering realistically thick disks (Romeo & Wiegert 2011).
Some models (e.g., Koyama & Ostriker 2009; Ostriker et al. 2010) predict Q ∼ 1 (self-
regulation) based on the suggestions of marginal stability maintained by feedback in
galactic disks (e.g., Goldreich & Lynden-Bell 1965; Quirk 1972).
1.4 Molecular-to-Atomic Ratio and Pressure
The ratio of ΣH2/ΣHI is known to decrease outward because the surface density of
molecular gas decreases with radius while that of atomic gas is roughly constant.
Observationally, radial variations of the ΣH2/ΣHI ratio within galaxies have been
found in many past studies (e.g., Wong & Blitz 2002; Leroy et al. 2008). The ratio as
a function of radius may provide a prescription for the SFR since the SFE is linked
to the ratio in the sense that the SFR is strongly correlated with the molecular gas,
as has been mentioned in Section 1.2.
There has been a great deal of research on the relationship between the molecular
to atomic gas ratio and the hydrostatic midplane pressure (e.g., Elmegreen 1993;
Blitz & Rosolowsky 2006). Recent studies have suggested that there is a power-law
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relationship between Rmol and the pressure (P0) with an index α:
ΣH2
ΣHI
=
(
P0
Ptr
)α
, (1.6)
where Ptr is the pressure at the transition radius where ΣH2= ΣHI. The studies
have found a power-law index of α = 0.8 (Wong & Blitz 2002), α = 0.92 (Blitz &
Rosolowsky 2006), and α = 0.73 (Leroy et al. 2008). Therefore, the pressure may
play a crucial role in determining the star formation rate if the relationship between
Rmol and P0 is well defined.
However, the hydrostatic pressure model assumes that stellar scale height and gas
velocity dispersion are constant with radius, while recent observations (e.g., Tamburro
et al. 2009) have shown that the scale heights and the velocity dispersions of gas and
stars vary with radius. To reach a fuller understanding of the relationship between
the interstellar pressure and Rmol, further studies including radial variations in the
scale height and the velocity dispersion are needed. We will examine in this study
how the relationship changes when we take into account such variations to derive
the hydrostatic midplane pressure. Furthermore, we will investigate the interstellar
pressure as a function of vertical distance (z) and radius (r) to study how the pressure
varies with z at different radii and whether a correlation between the pressure and
Rmol exists above the midplane.
1.5 Edge-On Galaxy Sample
We carry out this study with an edge-on galaxy sample (NGC 891, NGC 4157, NGC
4565, and NGC 5907) using CO observed from the Berkeley-Illinois-Maryland Asso-
ciation (BIMA) and the Combined Array for Research in Millimeter-wave Astronomy
(CARMA), H I from the Very Large Array (VLA), and IR from Spitzer, which in most
cases provide sufficient resolution to investigate vertical structure. The determination
of thickness is one of the most important goals since we examine the relationships
between the ISM properties and the SFR based on observational results instead of
assumptions used in previous studies. So far, very little has been done in this direc-
tion. We have chosen the galaxy sample by looking at (1) the data availability in CO
(BIMA or OVRO), HI (VLA), and IR (Spitzer), (2) highly inclined galaxies (i > 80◦),
(3) presence of widespread CO emission, and (4) active star formation. Note that CO
selection may require more massive galaxies and/or higher metallicity. The galaxy
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properties of our sample are presented in Table 1.1.
1.5.1 NGC 891
NGC 891 is one of the most famous and proto typical edge-on galaxies. Since it is seen
almost exactly edge-on (i ∼> 89◦, Oosterloo et al. 2007), located nearby (d ≃ 9.5 Mpc
for H = 75 km s−1 Mpc−1, van der Kruit & Searle 1981b), large (D25 = 13.
′5; Rupen
1991), and quite bright, distributions of extended gas above the disk plane have been
studied very intensively in this galaxy. While H I observations show evidence for a
vertically extended disk (e.g., Sancisi & Allen 1979; Swaters et al. 1997; Oosterloo
et al. 2007), the CO vertical extent is still debated (e.g., Garcia-Burillo et al. 1992;
Sofue & Nakai 1993; Scoville et al. 1993). Some studies indicate the existence of a
bar in this galaxy (e.g., Garcia-Burillo & Guelin 1995; Sakamoto et al. 1997).
1.5.2 NGC 4157
NGC 4157 is a small (D25 = 6.
′73; Verheijen & Sancisi 2001), nearby (d ≃ 12.9 Mpc
for H = 75 km s−1 Mpc−1; Irwin et al. 1999), edge-on (i ∼ 82◦; Verheijen & Sancisi
2001) spiral galaxy in the Ursa Major I(S) galaxy group. Studies about this galaxy
are relatively few compared to other galaxies in our sample. Some noticeable features
in this galaxy are the smallest size and lowest inclination in our sample and the fact
that this galaxy is known to have a bar; its morphology is SAB(s)b (NED).
1.5.3 NGC 4565
NGC 4565 is a large (D25 = 16.
′72; Rupen 1991), nearby (d ≃ 9.7 Mpc; Dahlem
et al. 2005, and references therein), edge-on (i ∼ 86◦; Rand et al. 1992, and references
therein) spiral galaxy. NGC 4565 is one of the famous edge-on galaxies, so there has
been a great deal of research on this galaxy using CO and H I observations (e.g.,
Rupen 1991; Sofue & Nakai 1994). A ring of molecular and atomic gas (Sofue &
Nakai 1994) and asymmetric warps in the H I disk (Rupen 1991) have been found in
this galaxy.
1.5.4 NGC 5907
NGC 5907 is also a large (D25 = 12.
′6; Laine et al. 2010), nearby (d ≃ 11 Mpc; Just
et al. 2006), edge-on spiral galaxy and the inclination is about 86.5◦ (Garcia-Burillo
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Table 1.1. Galaxy Properties
Galaxy R.A. Decl. D25 PA Distance Vsys K
(J2000) (′) (◦) (Mpc) (km s−1) mag
(1) (2) (3) (4) (5) (6) (7) (8)
NGC 891 02 22 33.70 42 20 54.00 13.5 23 9.5 530 5.938
NGC 4157 12 11 04.34 50 29 06.32 6.73 63 12.9 770 7.363
NGC 4565 12 36 29.18 25 55 27.23 16.72 135 9.7 1230 6.060
NGC 5907 15 15 53.55 56 19 43.00 12.60 115 11.0 670 6.757
Note. — Column (2) and (3) are the coordinates of the galactic center used in this
study. RA units are hours, minutes, and seconds. DEC units are degree, arcminutes,
and arcseconds. Column (4) is the optical diameter in arcminutes. Column (5) is the
position angle obtained from the 3.6 µmmap using the MIRIAD task IMFIT. Column
(6) is the distance. The references of Col. (4) and (6) are presented in each galaxy
subsection (see Sections 1.5.1, 1.5.2, 1.5.3, and 1.5.4). Column (7) is the heliocentric
systemic velocity. Column (8) is the Ks-band magnitude from the SIMBAD database.
et al. 1997). NGC 5907 is well known for its warp in H I gas layer (Sancisi 1976)
and optical disk (Sasaki 1987). Dumke et al. (1997) have detected both a CO central
concentration and ring-like structure in this galaxy.
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2 A Case Study of NGC 891
This chapter was published in Yim et al. (2011) and reproduced by permission of the
American Astronomical Society.
Abstract
We analyze images of BIMA 12CO (J = 1→ 0) , VLA H I, and Spitzer 3.6 and 24 µm
emission toward the edge-on galaxy NGC 891 and derive the radial and vertical dis-
tributions of gas and the radial distributions of stellar mass and recent star formation.
We describe our method of deriving radial profiles for edge-on galaxies, assuming cir-
cular motion, and verify basic relationships between star formation rate and gas and
stellar content, and between the molecular-to-atomic ratio and hydrostatic midplane
pressure, that have been found in other galaxy samples. The Schmidt law index we
find for the total gas (H2 + H I) is 0.85±0.14, but the Schmidt law provides a poor
description of the SFR in comparison to a model that includes the influence of the
stellar disk. Using our measurements of the thickness of the gas disk and the as-
sumption of hydrostatic equilibrium, we estimate volume densities and pressures as a
function of radius and height in order to test the importance of pressure in controlling
the ρH2/ρHI ratio. The gas pressure in two dimensions P (r, z) using constant velocity
dispersion does not seem to correlate with the ρH2/ρHI ratio, but the pressure using
varying velocity dispersion appears to correlate with the ratio. We test the impor-
tance of gravitational instability in determining the sites of massive star formation,
and find that the Q parameter using a radially varying gas velocity dispersion is
consistent with self-regulation (Q ∼ 1) over a large part of the disk.
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2.1 Introduction
Edge-on galaxies have long been recognized as powerful probes of galaxy formation
and evolution. The thickness of the stellar disk is sensitive to the merging history of
a galaxy (Yoachim & Dalcanton 2006), while the thickness of the interstellar medium
(ISM) may reveal the imprint of gravitational instability (Dalcanton et al. 2004).
The vertical structure of galaxy bulges can also place constraints on their formation:
Combes et al. (1990) have used N-body simulations to show that “boxy/peanut”
bulges seen in many edge-on spiral galaxies may form from disk material via a bar
instability.
There are also practical advantages to observing edge-on systems. One can often
achieve a higher signal to noise ratio (S/N) for detecting disk emission because more
signal is integrated along the line of sight. While this may be obvious for optically
thin emission, even for H I and CO the optical depth may be moderated by large line-
of-sight velocity gradients. Second, edge-on galaxies are the best objects to explore
the vertical scale heights of disks, which are difficult to study in face-on galaxies.
Determining the mass surface density and the scale height allows one to derive average
mass volume densities, essential for modeling galactic dynamics and gravitational
collapse in the ISM. However, it is true that obtaining radial distributions of edge-on
galaxies is not simple, since many radii contribute to each line of sight. Moreover,
dust attenuation may adversely affect our ability to infer radial profiles under the
assumption of axisymmetry. In addition, a radial variation in the vertical distribution
may not be apparent from an edge-on perspective. Use of kinematic information or
deconvolution methods are therefore required.
This is the first in a series of papers investigating how the gas layer thickness varies
within edge-on galaxies and the resulting implications for star formation. In this paper
we focus on NGC 891, a bright, nearby (D ≃ 9.5 Mpc for H = 75 km s−1 Mpc−1, van
der Kruit & Searle 1981b), edge-on (i ∼> 89◦, Oosterloo et al. 2007) spiral galaxy that
has been studied extensively at various wavelengths. We use H I images from the Very
Large Array (VLA) and CO images from the Berkeley-Illinois-Maryland Association
(BIMA) array to trace the atomic and molecular ISM, respectively. The existence of
a vertically extended H I halo (a few kpc in extent) has been demonstrated by many
authors (e.g., Sancisi & Allen 1979; Swaters et al. 1997; Oosterloo et al. 2007). On
the other hand, the vertical extent of the CO gas is still being debated. While some
authors have suggested that there is a thick component to the CO gas layer (e.g.,
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Garcia-Burillo et al. 1992; Sofue & Nakai 1993) others have argued that the CO gas
layer is not extended but thin (e.g., Scoville et al. 1993). We compare the vertical
distributions of atomic and molecular gas by fitting Gaussians to CO and H I intensity
profiles taken in the vertical direction and obtain the gas disk thickness as a function
of radius in order to estimate the gas volume density and pressure. These estimates
are then compared with the midplane pressure derived from surface densities alone,
as is typically done for face-on galaxies (e.g., Leroy et al. 2008).
A major motivation for obtaining direct estimates of gas volume densities is to
provide better prescriptions for the star formation rate (SFR) in galaxies. Several au-
thors have suggested that a power law relationship exists between the surface densities
of gas (Σgas) and SFR (ΣSFR) (Schmidt 1959; Kennicutt 1989). The most commonly
used relation is due to Kennicutt (1998), who investigated the star formation law
(Schmidt law) in 61 normal and 36 starburst galaxies, with Σgas and ΣSFR averaged
over the disks, and determined a Schmidt law index of 1.4: ΣSFR ∝ (Σgas)1.4. On
the other hand, using spatially resolved data, Wong & Blitz (2002) have shown that
ΣSFR is better correlated with ΣH2 than ΣHI, and Leroy et al. (2008) have reported a
relationship between star formation efficiency (SFE = ΣSFR/Σgas) and stellar surface
density, outside the “transition” radius where ΣH2=ΣHI. These results indicate that a
simple dependence of ΣSFR on Σgas is an oversimplification, and that a more accurate
description must take into account the role of the stellar disk’s gravity in compressing
H I gas to the high densities traced by CO. Consistent with this view, it has been
noted that the radial distribution of Rmol≡ΣH2/ΣHI correlates with the hydrostatic
midplane pressure, which has contributions from both gas and stars (Wong & Blitz
2002; Blitz & Rosolowsky 2004; Leroy et al. 2008). We test these ideas using a ΣSFR
profile derived from 24µm emission, a good SFR indicator (Calzetti et al. 2007).
Moreover, star formation in disk galaxies appears to be suppressed beyond a
threshold radius that is comparable to the optical radius, even though the gas disk
extends out much further. The physical origin of this star formation threshold is
still widely debated (Schaye 2004; Bigiel et al. 2010). Kennicutt (1989) and Martin
& Kennicutt (2001) have suggested that the threshold depends on the gravitational
instability of the galactic disk. They have investigated a relationship between the star
formation threshold and axisymmetric gravitational instability based on the Toomre
Q parameter (Toomre 1964) of the disk. The Q parameter for a thin rotating gas
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disk is defined by
Qgas ≡ κσg
πGΣgas
, (2.1)
where κ is the epicyclic frequency and σg is the gaseous velocity dispersion. Where
the Qgas parameter is less than 1, instability is expected. We discuss whether the
gravitational instability theory can explain the size of the CO disk or star formation
disk in this paper.
This paper is organized as follows. In Section 2.2, we describe the CO and H I
observations and data reduction and show maps of CO, H I, and Spitzer IR data.
Section 2.3 shows vertically integrated position-velocity diagrams and the rotation
curve. Sections 2.4.1 and 2.4.2 explain how we derive radial density distributions
for the ISM from CO and H I data and for the stellar surface density (Σ∗) and
ΣSFR from Spitzer 3.6 µm and 24 µm data. In Section 2.5.1, we find the thicknesses
of CO and H I and examine whether they have an extended thick component. In
Section 2.5.2 and 2.5.3, we determine disk thicknesses and vertical velocity dispersions
of gas and stars as a function of radius. Section 2.6.1 shows how the interstellar
midplane pressure correlates with the molecular to atomic gas ratio. In Section 2.6.2
we examine relationships between ΣSFR and H I, H2, and total gas, and compare a
theoretical estimate of the star formation rate with the derived SFR. In Section 2.6.3
we show how the gravitational instability varies with the galactic radius in different
circumstances: constant and varying velocity dispersions of gas and stars. In Section
2.6.4, we investigate how the interstellar pressure is related to the ratio ρH2/ρHI in
the vertical direction. Finally, we discuss and summarize our results in Sections 2.7
and 2.8, respectively.
2.2 Observations and Data Reduction
The 12CO (J = 1→ 0) observations of NGC 891 were carried out using the 10-element
Berkeley-Illinois-Maryland Association (BIMA) interferometer in 2002. A six pointing
mosaic extending from near the center (α = 2h22m33.s3 and δ = 42◦20′52′′ at J2000)
along the southern half of the galaxy (PA = 23◦) was done in 3 configurations (B, C,
D). The heliocentric systemic velocity Vsys is 530 km s
−1. 0136+478 (9.7◦ away, 3.8
Jy), 0359+509 (19◦ away, 5.6 Jy), and Mars were observed as the phase, passband,
and flux calibrator, respectively. The CO data were reduced using the MIRIAD
package. The achieved channel maps (cube) from the MIRIAD task INVERT have
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angular resolution of 7′′ × 7′′ using natural weighting with 1′′ pixel size and 10 km s−1
velocity resolution. Figure 2.1 (top panel) shows the integrated intensity map rotated
67◦ (= 90◦− PA) counter-clockwise and including channels from 220 km s−1 to 850
km s−1. We use x and z to denote offsets parallel and perpendicular to the major
axis of the galaxy (the galactic center, α = 2h22m33.s7 and δ = 42◦20′54′′, is placed at
x = 0 and z = 0). The southern disk is placed in positive x. Since we adopt D = 9.5
Mpc, 1′′ corresponds to about 46 pc. In order to reduce noise in the intensity map,
we used a masking method which blanks regions that fall below a 3σ threshold in a
smoothed (to 15′′ resolution) version of the cube.
Although we lack a single-dish CO map of sufficient sensitivity to compare with
the BIMA map, we have compared the integrated intensities along the major axis with
the single-dish measurements from the IRAM1 30-m telescope published by Garcia-
Burillo et al. (1992) to check for flux being resolved out by the interferometer. We
used the Dexter tool to extract data points from the published paper. The BIMA data
were convolved to the IRAM beam size and sampled to match the positions observed
by IRAM in Fig. 3 of Garcia-Burillo et al. (1992). In fact, the interferometer flux
(BIMA) agrees well with the single-dish flux over most of the southern disk, as shown
in Figure 2.2. The total BIMA flux in the figure is ∼0.9 times the IRAM flux.
The H I data in B, C, and D configurations were obtained from the NRAO VLA
archive. The data were obtained in 1986 and 1987 for project AG0226 and have
been previously presented by Rupen (1991). We reduced the data using the AIPS
(Astronomical Image Processing System) and the MIRIAD packages. Using AIPS we
calibrated the data and subtracted continuum emission deduced from 3 edge channels
without line emission. After the calibration and the continuum subtraction, the data
were self-calibrated with the MIRIAD task SELFCAL and mapped with the MIRIAD
task INVERT. In order to obtain a reasonable angular resolution without significant
loss of sensitivity, we used robust weighting with a robustness factor of 0.4 and with
a 2′′ cell size so the achieved beam size is 11.′′56 × 8.′′78. The resulting cube consists
of 31 channels from 220 to 840 km s−1 with a velocity resolution of 20 km s−1. The
velocity integrated intensity map of the H I is shown in Figure 2.1 (bottom panel).
As with CO, this H I map is the result of masking using a smoothed version of the
cube, although the smoothing is at 20′′ resolution in this case. The absorption at
around x=60′′ is because of the supernova SN1986J (Rupen et al. 1987).
We have obtained near/mid-IR images at 3.6 µm (IRAC) and 24 µm (MIPS) from
1Institut de Radioastronomie Millime´trique.
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the Spitzer archive: Program ID 3 (PI: G. Fazio) for IRAC and Program ID 20528
(PI: C. Martin) for MIPS. Maps of Spitzer data are shown in Figure 2.3. When we
derive the radial distributions of stellar mass (3.6 µm) and recent star formation (24
µm), foreground bright stars are first blanked and filled by interpolations of adjacent
data points using GIPSY (Groningen Image Processing System) tasks BLOT and
PATCH, respectively.
2.3 Kinematics
2.3.1 Position-Velocity Diagrams
In order to study the kinematics of the galaxy, we have integrated the data cubes in
the z dimension to derive vertically integrated position-velocity (PV) diagrams. The
PV diagrams in CO (integrated over ± 10′′ from the plane) and H I (integrated over
± 20′′) are shown in Figure 2.4. The PV diagram of H I in the figure displays an
asymmetry that indicates a more extended disk on the southern side. As previously
noted by Garcia-Burillo et al. (1992) and Sofue & Nakai (1993), a central nuclear
feature (fast-rotating disk) followed by a gap and a second peak is apparent in the
PV diagram of CO. Athanassoula & Bureau (1999) have suggested that the presence
of such a gap is evidence of a bar, by showing numerically simulated PV diagrams of
edge-on barred galaxies seen at different viewing angles. The gap develops as gas is
depleted from the outer bar region by gravitational torques from the bar. In addition,
they have shown that a side-on bar generates higher velocities in the central emission
feature than in the outer parts, while an end-on bar does not produce such a feature.
Based on their results, we suggest that NGC 891 has a bar seen side-on rather than
end-on.
2.3.2 Rotation Curve
We derived the rotation curve shown in Figure 2.5 using PV diagrams of CO and H I
along the major axis. Note that unlike the vertically integrated PV diagrams shown
in Fig. 2.4, these PV diagrams are slices along the midplane, in order to prevent
contamination by more slowly rotating halo gas (e.g., Swaters et al. 1997). The curve
is the result of combining CO (red circles and dashed line) for the inner region and
H I (blue crosses and solid line) for the outer region because the CO emission is strong
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near the center but weak in the outer part, while the H I emission does not have a
prominent central component as seen in the CO data (but see discussion in Section
2.4.1). Only the southern part (Vr > Vsys) of the PV diagrams is used for obtaining
the rotation curve, due to the coverage of our observations. The rotation curve is
obtained by the envelope tracing method (Sofue 1996), which is based on a terminal
velocity (Vter) corrected by the observational velocity resolution σobs (10 km s
−1 for
CO and 20 km s−1 for H I) and velocity dispersion of the gas (assumed to be σg = 8
km s−1):
Vrot = Vter −
√
σ2obs + σ
2
g . (2.2)
The highest-velocity 3σ contour in the PV diagrams is selected as the terminal velocity
Vter. The rotation velocity appears to rise rapidly to a maximum velocity of ∼255
km s−1 at 10′′ (suggesting solid-body rotation of a nuclear disk), then decreases to a
minimum velocity of ∼180 km s−1, followed by an increase again to a second peak.
Beyond the second peak, the rotation curve flattens at about 230 km s−1. The size of
the correction term (
√
σ2obs + σ
2
g) is used for representative error bars for CO (upper
left corner in Fig. 2.5) and H I (upper right). Our adopted rotation curve, which is a
combination of the CO and H I rotation curves, is used to determine the instability
parameter Q (Section 2.6.3), although our results are not sensitive to the shape of
this curve. In light of the discussion in Section 2.3.1, the rise and fall of the curve
in the central region of the galaxy is likely due to bar-induced gas streaming motions
rather than a real change in the mean circular velocity.
2.4 Radial Distribution
As discussed in Section 2.1, radial distributions are not trivial to infer for an edge-on
galaxy. Two basic approaches can be followed. If line-of-sight velocities are measured,
emission at a particular velocity can be assigned to a particular position along the
line of sight (given a model of the galaxy’s rotation), and thus a particular galacto-
centric radius. If no velocity information is available, an inversion technique can be
used to derive the radial profile from the projected brightness distribution, assuming
axisymmetry (Warmels 1988). We apply the first method to the CO and H I data
and the second method to the 3.6µm and 24µm data. In Appendix A, we perform
comparisons of the two methods on actual and simulated data. Due to limitations
inherent in both methods, we estimate that individual points in our derived radial
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distributions are likely to be accurate to only a factor of ∼2.
2.4.1 Molecular and Atomic Gas
We derived the radial gas distributions using the position-velocity (PV) diagrams.
We hereafter refer to the method using the PV diagram as the PVD method. The
PVD method makes use of more data than taking a strip integral near the terminal
velocities (e.g. Rupen 1991; Sofue & Nakai 1993) which discards data at intermediate
velocities which still contribute to the flux of the galaxy. For comparison with the
atomic gas (H I) profile, the CO data have been convolved to the H I beam size (11.′′56
× 8.′′78). The PV diagrams have been produced by integrating the data cube in the
vertical (minor axis) direction without masking (±10′′ and ±20′′ from the plane for
CO and H I, respectively) and the PVD method assumes circular rotation and a flat
rotation curve which is a reasonable approximation based on Figure 2.5. Each pixel
in the PV diagram can be associated with a galactocentric radius using the observed
radial velocity (Vr) and the assumed circular speed (Vc = 250 km s
−1) at each position
x:
r = Vc
〈
x
Vr − Vsys
〉
with |Vr − Vsys| < Vc , (2.3)
where the mean value of x/(Vr− Vsys) within a pixel with velocity width ∆Vr (10 km
s−1 for CO and 20 km s−1 for H I) can be estimated as
〈
x
Vr − Vsys
〉
=
|x|
∆Vr
ln
( |Vr − Vsys|+∆Vr/2
|Vr − Vsys| −∆Vr/2
)
. (2.4)
The flux of each pixel in the PV diagram is corrected to the corresponding surface
brightness in a face-on galaxy after considering the depth along the line of sight and
the fact that both near and far sides contribute to one pixel. In this procedure, a
region near the center of the PV diagram (bounded by |x| < 80′′ and |Vr − Vsys| < 80
km s−1) shown in Figure 2.4 as a box is excluded due to blending of emission from
many radii.
We have derived the H2 surface mass density from the inferred face-on surface
brightness, using a conversion factor derived from Galactic observations (Strong &
Mattox 1996; Dame et al. 2001):
N(H2) [cm
−2] = 2× 1020 ICO [K km s−1]. (2.5)
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To obtain the H I surface density, we use the optically thin approximation:
N(H I) [cm−2] = 1.82× 1018 IHI [K km s−1]. (2.6)
The radial distributions of H2, H I and total gas (H2+H I) are shown in Figure 2.6(a).
Each point represents an average value in a 12′′ radial bin. Horizontal error bars in
the figure show maximum and minimum values of radius as an uncertainty derived
by varying x and Vr in Equation (2.3) by the angular (∆x) and the velocity (∆Vr)
resolutions. Vertical error bars of the H2 and H I profiles reflect dispersions of the
fluxes within each annulus (standard deviation). The solid lines (red for CO and
blue for H I) represent 3σ detection thresholds obtained using the 1σ noise of the PV
diagrams as input into the PVD method; these become larger near the center because
smaller line-of-sight depths associated with smaller x-values in a given velocity interval
are used to normalize the fluxes. Therefore, a few data points of the H I profile near
the center are considered unreliable because they are below the detection threshold.
However, inclusion of these data points have little effect on the total gas profile.
Examination of the CO profile reveals an obvious concentration of molecular gas
toward the center followed by a gap, consistent with Scoville et al. (1993) and Sofue
& Nakai (1993), and a second peak at a radius of around 4.6 kpc (100′′). Beyond the
peak, it decreases slowly toward outer radii. CO extends to ∼ 280′′ in radius; the
gain falls to 50% at this radius so the profile is truncated beyond this radius. Garcia-
Burillo et al. (1992) reported that the “broad ring-like structure” at a distance of 3.6
to 4.0 kpc from the galactic center may be caused by spiral arms. Sofue & Nakai
(1993) interpreted the secondary peak as a “3.5-kpc molecular ring” (with D = 8.9
Mpc) and noted several intensity peaks beyond the molecular ring, possibly resulting
from spiral arms. In addition, Scoville et al. (1993) have suggested the peak at 4 kpc
may be the result of “a spiral arm tangential to the line of sight”.
The atomic gas profile also shows a gap corresponding to the gap in the CO profile.
There appears to be some H I near the center, although the errors are larger for the
reasons discussed above. While several earlier studies (e.g., Rupen 1991; Sofue &
Nakai 1993) suggested a lack of atomic gas near the center, H I associated with the
central CO disk can be seen in the Westerbork Synthesis Radio Telescope (WSRT)
PV diagrams presented by Swaters et al. (1997) and Oosterloo et al. (2007). Unlike
the molecular profile, the atomic distribution outside of the gap stays nearly flat until
it decreases in the outer disk.
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The total gas surface mass density is estimated by combining the H2 and H I
profiles and including associated helium: Σgas = 1.36(ΣH2 + ΣHI). Since the CO
profile has been obtained from the southern disk (the northern disk is unavailable in
our data), we used only the southern disk of H I when deriving the radial profile to
compare with the CO profile. Consequently, the total gas profile is obtained only for
the southern half of the galaxy. As shown in Figure 2.6(a), the total gas distribution
closely tracks the molecular gas distribution, especially within r=200′′. We use a
factor of 2 as the representative error for the total gas profile, based on our tests
described in Appendix A. This does not include possible errors in our conversion
factors (Eq. 2.5 and 2.6).
2.4.2 Infrared: 3.6 and 24 µm
In order to obtain radial density distributions from the Spitzer data, which lack
kinematic information, we used the GIPSY task RADPROF. RADPROF takes an
integrated intensity strip for both the left and right side of a galaxy (if available) and
computes a radial distribution using the Lucy iterative scheme (Lucy 1974; Warmels
1988). There are four initial functions that can be used in RADPROF: linear re-
gression, exponential decreasing, Gaussian distribution, or flat distribution. In our
analysis, an exponential decreasing function for 3.6 µm and the Gaussian distribution
for 24 µm were used as initial guesses before iterating. Our results are not sensitive to
this choice. The task assumes an axisymmetric disk. Before employing RADPROF,
the 3.6 (FWHM = 1.′′6) and 24 µm (FWHM = 5.′′9) data have been convolved to the
H I beam.
We have also used an isothermal and self-gravitating disk model (van der Kruit
& Searle 1981a) to derive the radial distribution of 3.6 µm emission by fitting an
exponential disk model. The central part, within ±50′′ from the center, is excluded
in the fitting due to the presence of a stellar bulge. The fitting function for an edge-on
galaxy,
µ(x, z) = µ(0, 0)
(x
l
)
K1
(x
l
)
sech2
(
z
z∗
)
, (2.7)
is obtained by integrating the model,
L(r, z) = L0 e
−r/l sech2
(
z
z∗
)
(2.8)
along the line of sight, where L0 is the space luminosity density at the center, l is
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the scale length in the radial direction, z∗ is the scale height independent of radius
r, µ(0, 0) = 2hL0, and K1 is the modified Bessel function of order 1. The scale
length (l) and height (z∗) obtained from fitting the 3.6 µm data are about 80
′′ (∼
3700 pc) and 8′′ (∼ 370 pc), respectively. Fitting the projected intensities (Eq. 2.7)
of an exponential disk model (Eq. 2.8) to the 3.6 um image, we made model and
residual maps as shown in Figure 2.7. The residual map shows an asymmetric thick
component skewed towards negative x, which might represent the near side of the bar.
In the inner disk, the fit is affected by the bulge light, creating positive residuals at
high z and negative residuals at low z. In the outer disk, the assumption of constant
stellar scale height means that the model disk is thinner than the actual disk (see
Section 2.5.2).
Figure 2.6(b) shows the derived stellar surface mass density profiles. The expo-
nential disk model is shown as a dotted line and the RADPROF solution as a solid
line. Their profiles agree well in the disk. The stellar radial profile from the exponen-
tial disk model will be used throughout this paper. The representative error bar in
the lower left corner is obtained from the biggest difference between the two profiles
in the disk, about a factor of 1.5. We convert from the units of the Spitzer image
(MJy sr−1) to stellar mass density (Σ∗) using a conversion factor for 3.6 µm intensity
(I3.6) empirically derived by Leroy et al. (2008):
Σ∗ [M⊙ pc
−2] = 280 (cos i) I3.6 [MJy sr
−1], (2.9)
where the inclination of the galaxy i = 0◦ since we have obtained the radial density
profiles using the exponential model and RADPROF, which converts an edge-on to
face-on. In doing so, we assume 3.6 µm is dominated by old stars. Use of the Leroy
et al. (2008) conversion factor is supported by its consistency (to within 30%) with
an independent, J − K color based mass-to-light ratio employed by de Blok et al.
(2008). We have compared the median 3.6 µm intensity with the median K-band
(2.2 µm) intensity in 10′′ bins following Leroy et al. (2008) and obtained a I3.6/IK
ratio of 0.68. Leroy et al. (2008) used a value of I3.6/IK = 0.55 to convert from 3.6
µm intensity to stellar mass density Σ∗. Even though there is a discrepancy between
two ratios (a factor of ∼1.2), our data show a linear relationship between 3.6 µm and
K-band intensities. Therefore, the errors introduced by ignoring dust attenuation in
the near-infrared appear to be within the uncertainties (a factor of 1.5) assumed for
the 3.6 um radial profile.
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Calzetti et al. (2007) have examined correlations between mid-IR emission (8 and
24 µm) and star formation rate (SFR) and concluded that mid-IR emission, especially
24 µm, is a good tracer of SFR. For the conversion from 24 µm luminosity surface
density S24µm (erg s
−1 kpc−2) to SFR surface density ΣSFR, we adopt the calibration
derived by Calzetti et al. (2007):
ΣSFR
M⊙ yr−1 kpc−2
= 1.56× 10−35
(
S24µm
erg s−1 kpc−2
)0.8104
, (2.10)
where
S24µm
erg s−1 kpc−2
= 1.5× 1040
(
Iν
MJy sr−1
)
, (2.11)
and Iν is the 24 µm surface brightness derived from the RADPROF solution. The
derived ΣSFR (Eq. 2.10) as a function of radius is shown in Figure 2.6(c). The profile
of ΣSFR falls sharply from the center to around 40
′′ and then rises slightly before
decreasing more gradually in the outer disk. This tendency seems similar to the CO
distribution rather than H I, implying that SFR is more strongly correlated with the
molecular gas surface density. We also derived another SFR radial profile using the
1.4 GHz radio continuum map (Dahlem et al. 1995) to check whether the 24 µm
SFR profile is consistent with it. Since Hα and UV data show severe extinction in
edge-on galaxies, the radio continuum is perhaps the best alternative for comparing
with the SFR inferred from the 24 µm data. For obtaining the SFR from the radio
continuum, we used the method described in the literature by Murgia et al. (2002) and
the RADPROF method. We confirmed that the ratio of 24 µm to radio continuum
derived SFRs is about 1.1.
Since the distribution of recent star formation in a galaxy may deviate strongly
from axisymmetry, which is a basic assumption of the RADPROF method, we tested
the ability of RADPROF to recover the azimuthally averaged radial profiles of several
24 µm maps of face-on galaxies: NGC 628, NGC 2403, NGC 3184, NGC 4321, NGC
4736, NGC 5055, NGC 5194, NGC 6946 and NGC 7331. These galaxies have been
observed as part of the Spitzer Infrared Nearby Galaxies Survey (SINGS) (Kennicutt
et al. 2003). We compared the radial profile obtained from the GIPSY task ELLINT
integrating a map in elliptical rings with the profile derived from the RADPROF so-
lution using a strip integral. The two different methods yield quite consistent results,
suggesting that asymmetries due to disk substructure do not prevent determination
of the radial profile. The standard deviation of the differences for a particular galaxy
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ranges from 0.1 dex (NGC 3184) to 0.3 dex (NGC 2430). We use the largest of these
values (0.3 dex, or a factor of 2) to represent the error in the 24 µm profile.
2.5 Vertical Distribution
We now proceed to measure disk thicknesses and vertical velocity dispersions as func-
tions of radius. The measured thicknesses of the CO and H I disks enable us to infer
volume densities directly, rather than from the assumption of hydrostatic equilibrium.
The radial variation of the velocity dispersions for gas and stars is more difficult to
determine observationally but can be calculated for a couple of different model as-
sumptions. We describe the models in this subsection and then use them in Section
2.6. In addition, models with constant velocity dispersions of gas and stars will be
included for comparison purposes.
2.5.1 Disk Thickness in Integrated Intensity
To establish the overall characteristics of the CO and H I layers, we have fitted single
or double Gaussian profiles along the vertical direction to the integrated intensity
maps of CO and H I using the MIRIAD task GAUFIT. For the CO and H I data, we
used the masked maps shown in Figure 2.1 to obtain higher S/N in order to yield more
reliable fits. Figure 2.8 presents the results of single Gaussian fitting to the CO and
H I maps. The integrated flux, vertical offset (centroid of the disk), and deconvolved
FWHM are plotted from top to bottom, respectively. The CO flux of the left side is
falling sharply towards the outer disk due to lack of sensitivity in our mosaic (50%
sensitivity is shown as vertical dotted lines in the figure.) From the results of the single
Gaussian fitting, we have obtained a weighted mean value for the FWHM thickness of
∼ 7′′ (∼ 320 pc) for CO and ∼ 19′′ (∼ 870 pc) for H I. Across the galaxy, the scatter
around the mean value is about 1.3′′ (CO) and about 4.5′′ (H I). In the case of H I, the
fit improves significantly if a second Gaussian is fit to the profile; the resulting FWHM
thicknesses are around 14′′ (∼ 650 pc) for the thinner component and around 44′′ (∼
2 kpc) for the thicker component. The thinner component of the double Gaussian fit
can be basically identified with the single Gaussian fit. The thicker component may
be due in part to line of sight projection of a flaring disk, as discussed below, although
Swaters et al. (1997) argue that an additional, slowly-rotating halo component is also
needed. The vertical offsets of the H I in the outer disk show evidence of a warp
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(Rupen 1991; Swaters et al. 1997; Oosterloo et al. 2007). We could not find clear
evidence of an extended thick CO disk as suggested by Garcia-Burillo et al. (1992)
and Sofue & Nakai (1993), since a double Gaussian profile is not needed to fit the CO
image, implying a one-component thin disk layer. Scoville et al. (1993) also failed to
find evidence for a vertically extended CO distribution.
2.5.2 Radial Variation in Disk Thickness
In order to determine the disk thicknesses of H2 and H I as functions of radius, we have
derived the Gaussian width (0.42 times the FWHM) by fitting a Gaussian function
to the z profile of a velocity-integrated intensity map. We have only integrated over
the terminal velocities on the redshifted side (740–760 km s−1) in order to provide
a cleaner diagnostic of how the gas thickness varies with radius (rather than with
x). In addition, fitting to the terminal velocities excludes any slowly-rotating halo
component (see Fig. 4 of Swaters et al. 1997). However, a double-Gaussian fit to
the terminal velocity maps proves unreliable due to limited signal-to-noise, so only a
single Gaussian is fit, even for H I. Thus, we are effectively considering only the thin
disk H I component in this section. More sensitive high-resolution H I data would
enable a two-component fit of the vertical profile over this limited velocity range. The
obtained Gaussian widths as functions of radius, normalized by the optical radius r25
(≈ 400′′), are shown in Figure 2.9(a), which indicates that both Gaussian widths
increase moderately with radius. Each circle represents an averaged value of data in
a 12′′ radial bin and the dotted (H I), solid (H2), and dashed (total gas) lines show
linear approximations obtained by least-squares fitting. The fitting functions are
shown on the top of the figure. In order to obtain the scale height of the total gas, we
used the combined map of CO and H I. Assuming that gas cycles between the atomic
and molecular phases, the combination might be considered as a single dynamic gas
component. The minimum scale height of the gas is ∼2.5′′ and the scale height at
0.5r25 is ∼4.9′′. The shaded region around the best-fit line represents uncertainties
in the fitting. Note that the Gaussian width is approximately 2−1/2 times the scale
height of a sech2 fit.
To estimate the variation in the stellar scale height with radius, we have fitted
a sech2(z/z∗) function (Spitzer 1942) to the vertical (z) distribution of the 3.6 µm
data at each radius after obtaining radial profiles at different z. In order to obtain
the radial profiles, we ran RADPROF for many different values of z from −33.6′′
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to 33.6′′ in steps of 2.4′′. The obtained scale height profiles for the west side (red
line), east side (blue line) and their average (filled circles) are shown in Figure 2.9(b).
Since the west and east profiles show differences that may be related to the bar
structure, we use the average profile. After excluding the central region (r < 90′′)
near the bulge, least-squares fitting to the averaged data points is used to obtain the
linear approximation shown in the figure as the dashed line with the shaded region
representing the uncertainty of the best fit. The minimum scale height is 3.8′′and it
increases to ∼15′′.
2.5.3 Radial Variation in Vertical Velocity Dispersion
A number of observations have shown that the velocity dispersions of gas (Petric &
Rupen 2007; Tamburro et al. 2009) and stars (van der Kruit & Freeman 1984) decline
with radius. We have derived vertical velocity dispersions as functions of radius for
the gas and stars using Equation (2.12) provided by Narayan & Jog (2002b):
σ2i =
4πGρ0,totρ0i
−(d2ρi/dz2)z=0 (2.12)
where the dark matter halo is ignored and boundary conditions at the midplane
(ρi = ρ0i and dρi/dz = 0) are used. This equation implicitly assumes hydrostatic
equilibrium between gravity and turbulent pressure. The subscript i can be replaced
by either g or * for the total gas and stars, respectively. The total midplane density
(ρ0,tot) includes ρ0g [= Σg/(hg
√
2π)] and ρ0∗ (= Σ∗/2z∗), where hg and z∗ are the
scale height of the gas and stars, respectively (see Appendix B). As mentioned in
Section 2.5.2, the gaseous and stellar volume densities follow a Gaussian distribution
and a sech2 function, respectively. The derived vertical velocity dispersions from
Eq. 2.12 are shown in Figure 2.10. We refer to these models as PG and PS for
gas and stars, respectively, since they are based on the Poisson equation. The gas
velocity dispersion (blue solid line) falls off strongly with radius, contrary to the usual
assumption of constant σg. A recent study by Tamburro et al. (2009) also found that
the H I velocity dispersion decreases as a function of radius. Our central velocity
dispersions are comparable (within a factor of 2 or less) to values found in some of
their galaxies. The thick red solid line represents the stellar velocity dispersion (σ∗)
when a varying stellar scale height is applied with Equation (2.12). For comparison,
we also show the stellar velocity dispersion assuming a constant stellar scale height
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Table 2.1. Models of Vertical Velocity Dispersions
Gas Stars
Value Model Value Model
Poisson σg(r) given by Eq. 2.12 PG σ∗(r) given by Eq. 2.12 PS
Constant z σ∗(r) =
√
πGΣ∗z∗, z∗ = 8
′′ ZS
Constant σ σg = 8 km s
−1 CG σ∗ = 21 km s
−1 CS
Note. — PG: Poisson Gas; PS: Poisson Stars; ZS: Constant z Stars; CG: Constant
Gas; CS: Constant Stars
References. — PG and PS: Narayan & Jog (2002b); ZS: Bottema (1993); CG:
Shostak & van der Kruit (1984); CS: Rafikov (2001)
(8′′ from Section 2.4.2) in a purely stellar disk, so that σ∗ =
√
πGΣ∗z∗ (Bottema
1993). This model is listed as ZS in Table 2.1.
Many studies have assumed that the velocity dispersions are constant with radius.
So, we also plot the constant values of the velocity dispersions for comparison. Each
horizontal dashed line represents a constant value of velocity dispersion for the gas
(model CG) and stars (model CS). A constant value of σg ∼ 6–8 km s−1 is widely
adopted based on observations of H I and CO in face-on galaxies (Shostak & van
der Kruit 1984; Combes & Becquaert 1997), and for this model we adopt a value of
σg = 8 km s
−1 (providing only modest allowance for additional vertical support from
cosmic rays or magnetic fields). For a constant value of stellar velocity dispersion, we
adopt a value of σ∗ = 21 km s
−1 from the upper range (σ∗,r = 35 km s
−1) quoted by
Rafikov (2001) corrected for velocity anisotropy using σ∗/σ∗,r = 0.6 (Bottema 1993).
Models of velocity dispersions listed in Table 2.1 will be used in Section 2.6.
Note that all models that we consider are based on observations of face-on galaxies
or on physical assumptions since we do not have direct measurements of the velocity
dispersions. A more direct approach to deriving the gaseous velocity dispersion is
discussed by Olling (1996) and will be investigated in future work.
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2.6 The H2/HI Ratio and Star Formation
2.6.1 Hydrostatic Midplane Pressure
Previous studies (e.g., Elmegreen 1993; Wong & Blitz 2002; Blitz & Rosolowsky 2004)
have suggested that the ratio of molecular to atomic gas (ΣH2/ΣHI) is determined by
the interstellar hydrostatic pressure. In order to compare ΣH2/ΣHI with the hydro-
static pressure at z = 0 (P0), we use the following approximation for P0 as derived in
the Appendix B:
P0 = 0.89(GΣ∗)
0.5Σgas
σg
z0.5∗
, (2.13)
where Σ∗ is the stellar mass density, σg is the gas velocity dispersion, and z∗ is
the stellar scale height. This approximation closely matches that used by Blitz &
Rosolowsky (2004) to describe a two-component disk of gas and stars where the mass
is dominated by stars having a thicker vertical distribution.
We first assume in Equation 2.13 that σg (= 8 km s
−1) and z∗ (= 8
′′) are constant
with radius, as assumed by Blitz & Rosolowsky (2004). Observations suggest that
stellar disks tend to have nearly constant scale height rather than velocity dispersion:
van der Kruit & Searle (1981a) found that the stellar scale heights in the edge-on
spiral galaxies NGC 4244 and 5907 are largely independent of radius. We use the
value of z∗=8
′′ that we obtained by fitting the exponential disk model in Section
2.4.2. From the derived Σgas and Σ∗ in Section 2.4, we have obtained the radial
pressure profile, normalized by the optical radius r25, shown in Figure 2.11(a) as a
red solid line (Model CG-ZS). We use the dash mark (–) for the combination of models.
On the other hand, more recent studies (e.g., de Grijs & Peletier 1997; Narayan &
Jog 2002a) have suggested that the stellar scale height increases with radius, and
our analysis in Section 2.5.2 shows an increasing stellar scale height as a function of
radius. Therefore, we also show the pressure when the gas velocity dispersion (σg)
and the stellar scale height (z∗) are varying with radius (obtained in Section 2.5) in
Figure 2.11(a) as a black solid line (Model PG-PS). This model is associated with
considerably higher pressures, by up to a factor of 5. The dashed lines in the figure
will be discussed in Section 2.6.4.
A plot of ΣH2/ΣHI against P0 (using constant σg and z∗) shown in Figure 2.11(b)
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suggests a power law relationship. We have fit a power-law slope of:
ΣH2
ΣHI
=
(
P0
Ptr
)0.89 ± 0.03
, (2.14)
where Ptr (∼ 7×103 cm−3 K) is the pressure at the transition radius where ΣH2= ΣHI.
Since we are explicitly taking azimuthal averages, the uncertainties in Rmol are based
on the standard deviation of the mean rather than the standard deviation of values
in an annulus. The fit has been obtained with weights inversely proportional to the
uncertainties shown in Figure 2.11(b). The slope α = 0.89 of the weighted fit is in
reasonable agreement with previous studies by Wong & Blitz (2002) [α = 0.8] , Blitz
& Rosolowsky (2006) [α = 0.92], and Leroy et al. (2008) [α = 0.73]. In addition, the
value of Ptr is within the range of values found by Blitz & Rosolowsky (2006) in their
sample, although the value is about a factor of 5 lower than the average value.
2.6.2 Star Formation Rate and Efficiency
In order to examine systematically the relationships between star formation rate and
molecular, atomic, or total gas, we plot ΣSFR against ΣH2 , ΣHI and Σgas at the
same radius (using 12′′ wide radial bins) in Figure 2.12, showing that the correlation
between ΣSFR and ΣH2 is much stronger than that between ΣSFR and ΣHI. The
error bars in the upper left corner represent the uncertainties of the SFR and the
gas surface densities, which are a factor of ∼ 2. We have determined the Schmidt
law index by least-squares fitting (solid line in Fig. 2.12) to the data points of ΣSFR
against Σgas in order to compare with the index (1.4) derived by Kennicutt (1998).
The Schmidt law index we have derived for the total gas is ∼ 0.85 ± 0.14, while
the index for the molecular gas is ∼ 0.77 ± 0.08. The estimated scatter around the
relation is ∼ 0.23 dex for the total gas and ∼ 0.17 dex for the molecular gas. These
scatter values agree well with those derived by Bigiel et al. (2008). The gas depletion
time for the total gas is in a range of 2.7–4.7 Gyr when both H2 and H I are included
while the gas depletion time is in a range of 1.1–3.3 Gyr when only H2 is included.
A simple theoretical estimate of the star formation rate is that it is proportional to
the gas surface density Σg divided by the Jeans time, i.e., the time scale for the growth
of gravitational instabilities. For a gas-only disk, the Jeans time is tJ,g ∼ σg/(πGΣg),
so
ΣSFR,mod1 ∝ Σg
tJ,g
∼ πGΣ
2
g
σg
∼ P0,g
σg
, (2.15)
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where P0,g is the hydrostatic midplane pressure of the gas-only disk (see Appendix B).
As shown in Figure 2.13(a), the correlation between the derived radial profile of ΣSFR
and this theoretical estimate is relatively poor, regardless of whether σg is constant
(Model CG) or varying (Model PG), though a linear relationship with proportionality
constant ǫ=0.025 bisects the distribution of points. The poor correlation reflects the
large scatter found in the observed Schmidt law. The representative error bars shown
in Figure 2.13 indicate a factor of 2 for ΣSFR and a factor of 4 (from Σ
2
g) for the
theoretical estimate.
A more refined model considers the effect of both gas and stars in calculating the
Jeans time (Wong 2009). This leads to a Jeans time of
tJ,sg ∼
[
πG
(
Σ∗
σ∗
+
Σg
σg
)]−1
, (2.16)
and a predicted SFR of
ΣSFR,mod2 ∝ Σg
tJ,sg
∼ πGΣg
(
Σ∗
σ∗
+
Σg
σg
)
∼ P0
σg
, (2.17)
where P0 is the hydrostatic midplane pressure defined by Eq. (B5). The correlation
between the observed and predicted values of ΣSFR is now much better, as shown in
Figure 2.13(b). Indeed, the RMS difference (in the log) between the observed and
predicted SFR has decreased from 0.100 dex to 0.005 dex. However, the predicted SFR
is still much higher than the observed SFR in the inner disk (r < 120′′), although
the agreement is better when σg is allowed to vary. The deviation from a linear
relationship in the inner disk has been found in other galaxies as well (Wong 2009),
and reflects the fact that observed star formation time scales (1/SFE) are nearly
constant in the inner, H2-dominated disks of galaxies, whereas dynamical timescales
should become shorter as r decreases. We discuss this deviation further in Section
2.7.1.
The SFE (ΣSFR/Σgas) as a function of radius is shown in Figure 2.14(a). The SFE
profile in the inner disk region shows large variations, but these are due in part to
uncertainties in the methods used to derive the Σgas and ΣSFR profiles. The solid
red profile shows the SFE using the total gas (Σgas) profile from the PVD method
and the dashed blue line presents the SFE obtained from using the RADPROF task
to derive Σgas. They both show an overall decline in SFE in the outer disk. The
vertical error bar in the upper right corner is obtained using the uncertainties of
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ΣSFR and Σgas, which are a factor of ∼2. Despite differences up to a factor of ∼4
between the methods, the RMS difference is consistent with our adopted uncertainty.
The dotted vertical line in the figure represents the transition radius (∼ 240′′) where
ΣH2= ΣHI. Leroy et al. (2008) found, for a sample of 12 spiral galaxies, an almost
constant SFE inside the transition radius and decreasing SFE outside the radius.
Since SFR is linearly correlated with ΣH2 (consistent with constant SFE for H2), the
SFE is proportional to Rmol/(Rmol+1), and since Rmol is a strong function of radius,
SFE also depends on radius. The long-dashed line in the figure presents the best-fit
relationship between SFE, Rmol (=ΣH2/ΣHI), and radius for spirals given by Leroy
et al. (2008):
SFE = 5.25× 10−10 Rmol
Rmol + 1
yr−1, (2.18)
where
Rmol = 10.6 exp(−rgal/0.21r25). (2.19)
Here rgal is the galactocentric radius, r25 is the optical radius (∼400′′ for NGC 891),
and the expression for the SFE is based on the assumption of constant SFE in molecu-
lar gas. Within the errors, our data are consistent with the prediction. The predicted
relationship between Rmol and radius (Eq. 2.19) is shown in Figure 2.14(b) as the
dot-dashed line alongside the ΣH2/ΣHI ratio obtained from the PVD method (solid
line) and the RADPROF task (dashed line). Our fitted exponential scale length of
80′′ is in good agreement with Leroy et al. (2008), who found that Rmol ∝ Σ∗ with a
radial scale length of 0.21r25.
2.6.3 Gravitational Instability
Jog & Solomon (1984) have studied gravitational instability with two components
consisting of gas and stars (but both are collisional) in a galactic disk to derive an
instability criterion. More recently, Rafikov (2001) has extended the study of Jog &
Solomon (1984) in order to investigate the instability criterion under axisymmetric
gravitational perturbations in a more realistic galaxy, considering collisional gas and
collisionless stars. We have derived the instability parameter Qgas+star using the fol-
lowing formulation provided by Rafikov (2001). The instability criterion for a thin
rotating disk consisting of gas and stars is given by:
1
Qgas+star
=
2
Qgas
Rσ
q
1 + q2R2σ
+
2
Qstar
1
q
[1− e−q2I0(q2)] > 1, (2.20)
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where
Qgas =
κσg
πGΣgas
, Qstar =
κσ∗,r
πGΣ∗
,
q =
kσ∗,r
κ
, Rσ = σg/σ∗,r, κ =
V
r
√
2
(
1 +
r
V
dV
dr
)
,
k is the wavenumber (2π/λ), κ is the epicyclic frequency, V is the rotational velocity,
r is the galactocentric radius, σ∗,r is the radial stellar velocity dispersion, and I0 is
the Bessel function of order 0. Note that the stellar velocity dispersion here is not
in the vertical direction but in the radial direction. We assume this is related to the
vertical velocity dispersion as σ∗,z = 0.6 × σ∗,r (Bottema 1993). The rotation curve
values shown in Figure 2.5 are used for the circular velocity V . We derive Qgas+star
by choosing a specific λ that yields a minimum value, following previous studies (e.g.,
Li et al. 2005; Yang et al. 2007). All Q parameter profiles for gas, stars, and the
combination of gas and stars are shown in Figure 2.15. We also compared Q profiles
using a flat rotation curve (V = 250 km s−1) with the Q profiles shown in order
to examine how much the inner region (within 100′′) Q profiles are affected by the
rotation curve. The comparison shows that deviations from a flat rotation curve in
the inner disk do not significantly affect the Q profiles.
When constant velocity dispersions of gas (Model CG) and stars (Model CS) are
adopted as explained in Section 2.5.3, the Qgas+star radial profile is as presented in
Figure 2.15(a). We also show the radial profile when Model CG-ZS and Model PG-
PS are used in Figure 2.15(b) and Figure 2.15(c), respectively. The profiles in all
three cases show Qgas+star decreasing with radius in the inner disk and increasing in
the outer disk. Note that regions where Qgas+star < 1 are unstable. We discuss our
results in Section 2.7.2.
2.6.4 Vertical Dependence of Gas Pressure
The interstellar pressure as a function of (r, z), assuming turbulent support of the
gas, is given by:
Pg(r, z) = ρg(r, z) σ
2
g , (2.21)
where ρg(r, z) is the gas volume density. The gas density is derived by summing the
H2 and H I density profiles (ρH2 and ρHI, respectively), which are assumed to each
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follow a Gaussian distribution in z:
ρg(r, z) = 1.36
[
ρ0,H2(r) exp
(
− z
2
2h2H2(r)
)
+ ρ0,HI(r) exp
(
− z
2
2h2HI(r)
)]
.(2.22)
Here the factor of 1.36 is a correction for helium, ρ0,H2(r) and ρ0,HI(r) are the midplane
densities of H2 and H I gas as a function of radius, respectively, and hH2(r) and hHI(r)
are the Gaussian widths of H2 and H I derived in Section 2.5.2. The densities at
the midplane are derived from the radial gas surface density distributions obtained in
Section 2.4 and from the disk thicknesses given in Figure 2.9(a), using ρ0 = Σ/(h
√
2π).
Figure 2.16 shows the vertical profiles of Pg at different radii when Model CG and
Model PG are applied and the vertical profiles of the ρH2/ρHI ratio. The Pg profiles
show a pattern of values decreasing with radius near the midplane but increasing
with radius at high z, regardless of model. Since Pg ∝ ρg for constant σg, this
reflects the flaring of the gas disk at larger radii. Rmol (≡ ρH2/ρHI) in Figure 2.16(c)
shows a similar pattern to the Pg profiles. However, the transitional z, where values
change their pattern from decreasing to increasing with radius, is higher than that
for Pg, especially for Model CG. In addition, values of Rmol at high z show much
less variation with radius than values of Pg do. Green star symbols in Figure 2.16(c)
show where the vertically integrated values of Rmol lie at each radius; the integrated
value decreases with radius as seen in Figure 2.14(b). Figure 2.17 shows Rmol(r, z)
against Pg(r, z) at different heights using (a) Model CG and (b) Model PG. We focus
on the region marked with filled symbols where the PVD and RADPROF methods
give similar results for the radial profile. While the pressure using Model PG seems
to govern Rmol over the range 0 < |z| < 10′′, the pressure using Model CG correlates
with the ratio near the midplane but not necessarily at high z.
The turbulent gas pressure at the midplane Pg(r, 0)(= ρ0gσ
2
g) based on Equation
(2.21) is shown as a function of radius in Figure 2.11(a) in comparison with the
hydrostatic pressure obtained in Section 2.6.1 using Equation (2.13). When a constant
value for σg is assumed, although the curves are similar in shape, there is a discrepancy
in that Equation (2.13) predicts a factor of 2–3 larger value for P0. On the other hand,
the curves for radially varying σg (Model PG) are closer to each other, especially in
the inner region. We discuss these trends further in Section 2.7.3.
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2.7 Discussion
2.7.1 SFR and Midplane Pressure
Our results in Figure 2.13 suggests that much of the scatter in the observed Schmidt
law reflects real variations in the relationship between ΣSFR and Σg, and not just
uncertainties in the determination of radial profiles for an edge-on galaxy. The time
scale for star formation depends not only on the properties of the gas disk but on those
of the stellar disk as well, a point which has been emphasized by Leroy et al. (2008)
and Wong (2009). The basic reason that the midplane hydrostatic pressure correlates
with the large-scale SFR is that both quantities reflect how quickly gravitational
disturbances grow in a pressure-supported disk.
How then can we explain the deviation from a linear relationship between SFR
and P0/σg seen in the inner disk (Figure 2.13b)? One possibility, based on the results
shown in Figure 2.15, is that an increase in the Q parameter towards the galaxy center
suppresses gravitational instabilities, leading to a SFR that is still high but not quite
as high as would be expected from the Jeans time scale. Another possibility, discussed
by Wong (2009), is that the Jeans time scale is more relevant for the formation of giant
molecular clouds (GMCs) rather than stars, and thus in the inner, H2-dominated disk
the star formation time scale reflects other physical processes. We caution, however,
that there are likely to be large uncertainties in Σ∗ and Σg in the inner disk, due to
stellar population gradients and variations in the CO-to-H2 conversion factor, and if
these quantities have been overestimated by our simple linear conversion factors then
the Jeans time scale will be underestimated, bringing the observed and predicted
SFRs into better agreement.
2.7.2 Q in the Star Formation Disk
As shown in Figure 2.15, the Qgas+star radial curve appears to increase toward the
galaxy center, which means star formation should be suppressed in the center. There-
fore, the Q curve shown in the figure seems not to match the SFR radial profile in
Figure 2.6(c), which shows active star formation in the center. This tendency, a in-
creasing Q profile toward the center, is also shown in Leroy et al. (2008) who employ a
constant stellar scale height and a stellar velocity dispersion depending on the square
root of the stellar surface density (corresponding to Model ZS). This inconsistency
between the Qgas+star and the SFR radial profiles is mainly due to the Q parameter
31
depending on the epicyclic frequency κ, which is proportional to r−1 for a flat rotation
curve. Thus, κ will tend to increase more quickly toward the center than the ratios of
Σ/σ which govern the other components of Q. In addition, the presence of the stellar
bulge could make the Q formulation, which assumes that matter is distributed in a
disk, incomplete in the central region.
The Qgas+star depends quite sensitively on the assumed velocity dispersions as seen
in Figure 2.15. The Q curves using Model CG-CS and Model CG-ZS show mostly
values less than 1, meaning gravitationally unstable, but their unstable regions are not
the same. On the other hand, the Q values with Model PG-PS are mostly marginal
(Q ∼ 1) in the disk. Therefore, the Q profile using Model PG-PS where the velocity
dispersion is determined from the disk thickness appears consistent with the idea
of a self-regulating Q parameter (Koyama & Ostriker 2009), where high gas surface
density and star formation in the central region leads to higher σg.
2.7.3 Interstellar Gas Pressure in Two Dimensions
The main difference between the turbulent gas pressure Pg(r, 0) (=ρ0gσ
2
g) and the
hydrostatic midplane pressure in Model CG shown in Figure 2.11(a) is that Equation
(2.13) implicitly uses the stellar disk mass to determine the thickness of the gas disk,
whereas with Equation (2.22) we determine the thickness of the gas disk directly. At
R = 100′′, for example, the stellar surface density of 200 M⊙ pc
−2 and the adopted
stellar scale height of 350 pc imply a stellar density of 0.3 M⊙ pc
−3, which in turn
implies a Gaussian width for the gas of 60 pc, or only ∼1′′, which is a factor of
3−5 less than what we measure. To reconcile the two approaches, we must assume
that we have (1) overestimated the stellar mass, by adopting too large a M/L ratio
in Section 2.4.2, or (2) overestimated the gas thickness as a result of line-of-sight
projection effects. (The other possibility, that we have underestimated the stellar
disk thickness, seems unlikely given that projection effects would tend to work in the
opposite direction). Future studies of edge-on galaxies should be aimed at testing
these possibilities.
Alternatively, the assumed constant σg in Model CG may be too low, as suggested
also by the recent work by Tamburro et al. (2009). We compare the pressures using
a varying velocity dispersion σg(r) (Model PG) in Figure 2.11(a). There is still a
discrepancy between the hydrostatic and turbulent gas pressures (black solid and
dashed lines, respectively) in the outer region, but they are nearly equal in the inner
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region. The discrepancy arises because the approximation for hydrostatic pressure
(Eq. 2.13) ignores the gas volume density term, which is important in the outer
disk. The profile shown as filled circles in Figure 2.11(a) represents the hydrostatic
pressure including the gas density (see Appendix Eq. B6) and is consistent with the
turbulent gas pressure (black dashed line), as it should be given that our derivation
of σg assumes hydrostatic equilibrium with only turbulent support. The fact that Pg
is very sensitive to the adopted σg implies that comparison of ISM pressures deduced
for face-on and edge-on galaxies must be made with caution. Fortunately, however,
the predicted SFR in Eq. (2.17) depends on P/σg and not just P .
The vertical gas pressure profiles at several radii shown in Figure 2.16(a) and (b)
are consistent with a recent study focused on our Galaxy (Kasparova & Zasov 2008),
which showed that the pressure decreases with increasing z at all radii, but that the
sign of the radial pressure gradient reverses sign at high z (z ∼> 8′′ for model CG
and z ∼> 11′′ for Model PG; see left and middle panels of Figure 2.16), due to flaring
of the gas disk. In other words, the pressure decreases with radius when z is low,
while the pressure increases with radius at high z. As shown in Figure 2.17(a), which
shows the correlation between Rmol and P at various heights above the midplane,
the pressure using Model CG (constant velocity dispersion) is correlated with Rmol
near the midplane but their relationship is not clear when z is large. However, the
pressure using Model PG (varying velocity dispersion) in Figure 2.17(b) behaves more
similarly to Rmol. This is not surprising, since Model PG is based on the observed gas
thickness used to derive the volume densities for Rmol, although no distinction was
made between CO and H I when deriving σg(r). Since it is possible that UV radiation
and metallicity as well as the hydrostatic pressure affect the value of Rmol, they could
contribute to the relatively uniform vertical gradients in Rmol seen at different radii
(Figure 2.17). This may weaken the correlation between the gas pressure and Rmol
at high z.
2.8 Summary and Conclusions
We have derived the azimuthally averaged surface density profiles for the CO, H I,
and IR (3.6 and 24 µm) emission and the rotation curve to study the relationship
between ISM and star formation in the edge-on galaxy NGC 891. In addition, we have
estimated the gas volume density profile in two dimensions (r, z) using the measured
disk thickness, and inferred velocity dispersions as a function of radius in this galaxy.
33
1. We have explored the vertical structure by fitting single or double Gaussian
profiles to the CO and H I maps. The integrated H I data have been fitted by a
double Gaussian profile, implying two components of thin and thick disks. On the
other hand, the CO disk has only one component: a thin disk, although sensitive
single-dish mapping is still needed to confirm this.
2. We have investigated the relationship between the interstellar hydrostatic pres-
sure in the midplane and the ratio of molecular to atomic surface mass density and
found a power law relationship with slope α = 0.89.
3. The SFR surface density and molecular surface density profiles show similar
behavior. In addition, the plot showing relationships between ΣSFR and ΣH2 , ΣHI,
and Σgas presents a strong correlation between ΣSFR and ΣH2 . The Schmidt law
index we obtained using Σgas is 0.85±0.14, but there is considerable scatter around
this relation. The power law index may be smaller than the index (1.4) derived by
Kennicutt (1998) because we measure the slope over mostly H2 dominated regions.
4. The SFR surface density is strongly correlated with the hydrostatic midplane
pressure including both gas and stars and using varying velocity dispersions of gas
(Model PG) and stars (Model PS), but the correlation appears to break down in the
inner region.
5. In order to study how the instability parameter Qgas+star is related with star
formation disk, we have derived Qgas+star in a thin rotating disk model consisting of
both gas and stars. The Qgas+star radial profile with varying velocity dispersions for
the gas and stars is favored from the point of view of leading to marginal instability
throughout the disk, but still predicts a suppression of star formation near the center
which is not apparent.
6. The ρH2/ρHI ratio against turbulent gas pressure using constant velocity dis-
persion (Model CG) has been compared with that using varying velocity dispersion
(Model PG) in Figure 2.17. The latter model with varying σg correlates much better
with the ρH2/ρHI ratio over the range 0 < |z| < 10′′.
7. Estimates of the hydrostatic midplane pressure P0 based on a constant σg
appear to substantially underestimate the actual turbulent pressure needed to explain
the thickness of the gas disk. This implies that either σg is significantly higher than
usually assumed, or that other sources of support for the gas disk are important.
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Figure 2.1 Top: CO integrated intensity map of NGC 891. Contours are 20, 34, 59,
101, 174 and 298 K km s−1 in logarithmic scale. The lowest contour level is ∼ 2σ.
Note that the positive x-offset values are to the south and the negative values are
to the north. The dashed line shows the 50% sensitivity contour. The synthesized
beam (7′′ × 7′′ ) is shown in the lower right corner. Middle: Zoom-out version of the
top panel shown in the same scale with the H I map. The box indicates the region
shown in the top panel. Bottom: H I integrated intensity map. Contours are 1.30
(∼ 2σ), 1.83, 2.58, 3.64, 5.14 and 7.25 × 103 K km s−1. The absorption by SN 1986J
is visible near x = 60′′. The synthesized beam (11.′′56 × 8.′′78) is shown in the lower
right corner.
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Figure 2.2 Comparison of integrated intensity along the major axis between our data
(BIMA) and the single-dish data (IRAM) given by Garcia-Burillo et al. (1992).
Figure 2.3 3.6 µm (top) and 24 µm (bottom) emission from NGC 891 as imaged by
Spitzer. Contour levels are 0.30 (∼ 5σ), 0.83, 2.29, 6.31, 17.38 and 47.86 MJy sr−1 in
logarithmic scale. The box in the upper panel indicates the region shown in the top
panel (CO) of Fig. 2.1.
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Figure 2.4 Top: CO position-velocity diagram integrated over the minor axis (±
10′′). Contour levels are 0.030, 0.046, 0.070, 0.107, 0.163 and 0.249 Jy arcsec−1 in
logarithmic scale. The lowest level is ∼ 3σ. The systemic velocity Vsys = 530 km s−1 is
shown by a horizontal dotted line. The vertical dashed lines show the 50% sensitivity.
The box represents the excluded region explained in Section 2.4.1. Bottom: H I
position-velocity diagram integrated over the minor axis (± 20′′). Contours are 0.180
(∼ 3σ), 0.297, 0.489, 0.805, 1.326 and 2.185 mJy arcsec−1 in logarithmic scale. The
absorption at around 60′′ is due to SN 1986J. CO contours (red) are overlaid on H I
contours (blue). The vertical dashed lines show the 50% sensitivity of the CO mosaic.
The box represents the excluded region explained in Section 2.4.1.
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Figure 2.5 Observational rotation curve from CO and H I. The red circles and blue
crosses show the CO and H I rotation velocity, respectively. The representative two
sided error bars are shown in upper left (CO) and upper right (H I) corners.
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Figure 2.6 (a) Radial profiles of H2 (red open squares), H I (blue open circles) and
total gas (solid circles) surface density, at the resolution of the H I data. Horizontal
and vertical error bars for the H2 and H I profiles are explained in the text. The
vertical error bar in the lower right corner represents the adopted uncertainty for
the total gas, based on the difference between PVD and RADPROF profiles (see
Appendix A). The solid lines (red for CO and blue for H I) represent the 3-sigma
detection threshold. (b) Stellar surface density obtained from the task RADPROF
(blue solid line) and from the exponential disk model (red dotted line) as a function of
radius based on the 3.6 µm emission. The bulge part is excluded in the model fitting.
The error bar in the lower left represents the uncertainty. (c) SFR surface density as
a function of radius based on the 24 µm emission. The representative error bar in the
lower left corner indicates a factor of 2 change obtained from the biggest difference
between RADPROF and ELLINT profiles for several 24 µm maps of face-on galaxies.
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Figure 2.7 Top: Exponential disk model (van der Kruit & Searle 1981a) fit to the
3.6 µm image overlaid with contours: 0.18, 0.46, 1.15, 2.88 and 18.20 in unit of MJy
sr−1. Middle: Residual map obtained by subtracting the model from 3.6 µm data.
Contour levels are same to the top panel. Bottom: Residual map with contours of
negative values: -0.18, -0.46, -1.15, -2.88.
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Figure 2.8 Single Gaussian fitting to the CO and H I integrated maps. Three panels
show the integrated intensity, vertical offset, and deconvolved FWHM thickness from
top to bottom. The vertical dotted lines in the first panel show the 50% sensitivity
limit for CO. The horizontal dashed lines (for H I) and dotted line (for CO) in the
bottom panel represent the weighted mean values.
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Figure 2.9 Left: Gaussian widths of H I (open circles) and H2 (filled circles) as
functions of radius normalized by the optical radius r25 ≈ 400′′. The dotted (H I),
solid (H2) and dashed (total gas) lines show linear approximations obtained by least-
squares fitting. The fitting functions are shown on the top. The shaded regions around
the fitted line represent uncertainties in the fitting. Right: Stellar scale height as a
function of radius normalized by the optical radius. The red and blue solid lines show
the scale heights of west and east sides, respectively. The average of the west and east
disks is shown as filled circles. The dashed line indicates the linear approximation by
least-squares fitting to the averaged data points and the shaded region around the
best-fit represents the uncertainty in the fit. The fitting function is shown on the
bottom.
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Figure 2.10 Vertical velocity dispersions obtained from Eq. 2.12 as a function of
radius, normalized by the optical radius, for the gas (blue solid line) and stars (thick
red solid line). The red dotted line shows stellar velocity dispersion using σ∗ =√
πGΣ∗z∗ (Bottema 1993) with the constant scale height (8
′′). Each horizontal dashed
line indicates a constant velocity dispersion for the gas (8 km s−1) and stars (21
km s−1).
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Figure 2.11 (a) Midplane pressure as a function of radius normalized by the optical
radius. The red solid and dashed lines show the hydrostatic midplane pressure ob-
tained from Equation (2.13) and the turbulent gas pressure at the midplane derived
by Equation (2.21) using the constant gas velocity dispersion (Model CG), respec-
tively. The black solid and dashed lines represent the hydrostatic pressure and the
turbulent gas pressure when varying velocity dispersion (Model PG) is used. The blue
circles show the hydrostatic pressure including the gas disk obtained from Equation
(B6). (b) Ratio of ΣH2/ΣHI as a function of the hydrostatic midplane pressure (Eq.
2.13) with constant σg and z∗. The power law slope (dotted line) is 0.89. The vertical
error bars indicate the uncertainties in the ratio.
44
H2
HI
gas
0.1
 Gy
r
1 G
yr
10
 Gy
r
0.1
1
10
100
 
Σ S
FR
 
(M
su
n
 
pc
−
2  
G
yr
−
1 )
0.1 1 10 100
Σ (Msun pc−2)
Figure 2.12 SFR surface density as a function of H I (open circles), H2 (filled circles)
and total gas (filled squares) surface density. The dashed lines represent constant
SFE with the corresponding star formation timescale (1/SFE) labeled. The solid line
shows the Schmidt law with index of 0.85: ΣSFR ∝ Σgas0.85 ± 0.14. The rms dispersion
around the fit line is ∼ 0.23 dex. The error bars in the upper left corner represent
the uncertainties of the SFR and the gas surface densities.
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Figure 2.13 (a) SFR surface density as a function of P0gas−only/σg (=πGΣgas
2/2σg)
using Model CG (red squares) and Model PG (solid circles). The dotted line presents
ΣSFR proportional to P0gas−only/σg with efficiency 0.025. Note that the slope of the
line is unity and the intercept indicates the efficiency. The representative error bars in
the lower right corner show a factor of 2 for ΣSFR and a factor of 4 for the theoretical
estimate. (b) ΣSFR as a function of the midplane pressure (Eq. B5) divided by the
gas velocity dispersion when Model CG and Model ZS are adopted (red squares) and
Model PG and Model PS are used (solid circles). The dotted line presents ΣSFR
proportional to P0/σg with efficiency 0.012.
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Figure 2.14 (a) Star formation efficiency (SFE) as a function of radius, SFE =
ΣSFR/Σgas. The solid red line shows the SFE as derived from Σgas using the PVD
method and the dashed blue line is the SFE as derived from Σgas obtained from the
RADPROF task. The dotted vertical line indicates the transition radius rt (∼ 240′′),
where ΣH2 equals ΣHI in the PVD method. The dot-dashed line shows the predicted
fit relationship between SFE and Rmol given by Equation (2.18). The representative
error bar of the SFE is shown in the upper right corner. (b) Ratio of molecular
to atomic gas surface density as a function of radius using the PVD method (solid
line) and the RADPROF task (dashed line). The horizontal and vertical dotted lines
show Rmol = 1 and the transition radius, respectively. The dot-dashed line shows the
predicted relationship between Rmol and radius given by Eq. (2.19).
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Figure 2.15 (a) Qgas (blue dotted line with open circles), Qstar (red dashed line with
asterisks) and Qgas+star (solid line with filled circles) radial profiles with a constant
velocity dispersion of gas (Model CG) and stars (Model CS). The stellar velocity
dispersion was calculated assuming σ∗,r = σ∗,z/0.6. Below the dotted line (Q = 1)
lies the unstable region. (b) Qgas, Qstar and Qgas+star radial profiles when Model CG
and Model ZS are used. (c) Qgas, Qstar and Qgas+star radial profiles when Model PG
and Model PS are employed.
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Figure 2.16 (a) Dependence of gas pressure (using Model CG) on z at different radii
from 90′′ to 210′′ in steps of 40′′. The horizontal dashed line represents the transitional
z (∼ 8′′). (b) Dependence of gas pressure (using Model PG) on z at different radii
from 90′′ to 210′′ in steps of 40′′. The transitional z is ∼11′′. (c) Ratio of molecular
to atomic volume gas density as a function of z at different radii from 90′′ to 210′′
in steps of 40′′. The transitional z is about 16′′. The star symbols mark the ratio of
molecular to atomic gas surface density at each radius obtained from Figure 2.14(b).
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Figure 2.17 (a) Ratio of molecular to atomic volume gas density with the pressure
(Pg/k) using Model CG at different heights; red solid line at the midplane (z = 0
′′),
blue dashed line at z = 5′′, and green dot-dashed line at z = 10′′. The triangle, square
and circle symbols indicate values at the radius 90′′, 150′′ and 210′′, respectively. The
dotted line is the fitted line, proportional to P 0.89, shown in Figure 2.11(b). (b) Ratio
of molecular to atomic volume gas density with the pressure (Pg/k) using Model PG
at different heights.
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3 Less Edge-On Galaxies NGC 4157,
4565, and 5907
Abstract
We present a study of the vertical structure of the gaseous and stellar disks in
a sample of edge-on galaxies (NGC 4157, 4565, and 5907) using BIMA/CARMA
12CO (J = 1→ 0), VLA H I, and Spitzer 3.6 µm data. In order to take into account
projection effects when we measure the disk thickness as a function of radius, we first
obtain the inclination by modeling the radio data. Using the measurement of the
disk thicknesses and the derived radial profiles of gas and stars, we estimate the cor-
responding volume densities and vertical velocity dispersions, in order to test the role
of interstellar gas pressure in controlling the molecular to atomic gas ratio. Addition-
ally, we test the basic relationships, found in more face-on galaxy samples, between
star formation rate (SFR) and gas surface density, between the gravitational insta-
bility parameter Q and massive star formation, and between hydrostatic midplane
pressure and the molecular-to-atomic ratio. Our results show that the disk thick-
nesses increase moderately with radius and the velocity dispersions decline rapidly
with radius, contrary to the usual assumptions of a constant stellar scale height and
gas velocity dispersion. Based on our results, we investigate how the interstellar pres-
sure and the gravitational instability parameter differ from values derived assuming
constant values of stellar scale height and gas velocity dispersion.
3.1 Introduction
An edge-on galaxy provides the most direct measurement of disk thickness, which for
the gas disk enables us to derive the volume density, a quantity that may be better
correlated with star formation rate (SFR) than surface density (e.g., Ferguson et al.
1998; Krumholz et al. 2012). In spite of the importance of the volume density in
SFR, however, most studies have used an assumed constant value of gas scale height
since the disk thickness is usually difficult to measure. However, the disk thickness is
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expected to increase with radius for a nearly isothermal disk and the flaring of the gas
disk has been measured in recent observations (e.g., O’Brien et al. 2010; Yim et al.
2011).
There have been many studies investigating the relationship between star for-
mation and properties of the interstellar medium (ISM) such as gas content and
interstellar pressure. A number of studies (e.g., Kennicutt 1998; Wong & Blitz 2002;
Bigiel et al. 2008) have suggested a power-law relationship between the star forma-
tion rate and gas surface density (ΣSFR∝ Σgasn) and the relationship is referred to
as the star formation law or Kennicutt-Schmidt law. Although the relationship is
usually expressed in terms of surface density, fundamentally it is the volume density
of the gas that should be related to star formation (Schmidt 1959). A clue to how
high volume densities are achieved was provided by Elmegreen (1993), who derived a
theoretical relationship between the molecular gas fraction and the hydrostatic mid-
plane pressure. In this model a high intercloud pressure enhances the formation of
H2. Later on, some studies (e.g., Wong & Blitz 2002; Blitz & Rosolowsky 2004) have
established a strong correlation between the molecular to atomic gas ratio and the
hydrostatic midplane pressure. This pressure is inferred by assuming a constant gas
velocity dispersion and stellar scale height. However, as mentioned above, the scale
height might not be constant. In addition, recent studies (e.g., Tamburro et al. 2009;
Yim et al. 2011) have shown that the gas velocity dispersion changes with radius.
Therefore, it is important to examine the role of the gas pressure in controlling the
molecular to atomic gas ratio when radial variations of the velocity dispersions and
the scale heights are allowed.
In a previous paper (Yim et al. 2011, hereafter Paper I), we studied the ISM and
star formation in the prototypical edge-on galaxy NGC 891. In this second paper, we
study the vertical structure of three additional edge-on galaxies (NGC 4157, 4565,
and 5907) to investigate how the ISM properties are related to molecular cloud and
star formation. We carry out this study using CO imaging from the Berkeley-Illinois-
Maryland Association (BIMA) and the Combined Array for Research in Millimeter-
wave Astronomy (CARMA), H I imaging from the Very Large Array (VLA), and IR
imaging from the Spitzer Space Telescope. We have selected these galaxies by looking
at (1) the data availability in CO (BIMA or OVRO), HI (VLA), and IR 3.6 and 24 µm
(Spitzer), (2) highly inclined galaxies (i > 80◦), (3) presence of strong CO emission,
and (4) actively star forming galaxies as measured at 60 µm of IRAS. The properties
of the three galaxies are shown in Table 3.1.
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Table 3.1 Galaxy Properties
Galaxy R.A. Decl. D25 PA Distance Vsys K
(J2000) (′) (◦) (Mpc) (km s−1) mag
(1) (2) (3) (4) (5) (6) (7) (8)
NGC 4157 12 11 04.34 50 29 06.32 6.73 63 12.9 770 7.363
NGC 4565 12 36 29.18 25 55 27.23 16.72 135 9.7 1230 6.060
NGC 5907 15 15 53.55 56 19 43.00 12.60 115 11.0 670 6.757
Note. — Column (2) and (3) are the galactic center used in this study. RA units are hours,
minutes, and seconds. DEC units are degree, arcminutes, and arcseconds. Column (4) is the optical
diameter in arcminutes. Column (5) is the position angle obtained from the 3.6 µm image using the
MIRIAD task IMFIT. Column (6) is the distance. The references of Col. (4) and (6) are presented
in the text. Column (7) is the heliocentric systemic velocity adopted in this paper. Column (8) is
the Ks-band magnitude from the SIMBAD database.
NGC 4157 is a small (D25 = 6.
′73; Verheijen & Sancisi 2001), nearby (d ≃ 12.9
Mpc for H = 75 km s−1 Mpc−1; Irwin et al. 1999), edge-on (i ∼ 82◦; Verheijen
& Sancisi 2001) spiral galaxy in the Ursa Major I(S) galaxy group. Studies of this
galaxy are relatively few compared to other galaxies in our sample. In addition, in
most studies it is included as part of a much larger sample: CO and far-infrared
observations of the nuclear regions of the Ursa Major galaxy group (Odenwald 1986),
radio continuum observations of a sample of edge-on galaxies (Hummel & van der
Hulst 1989; Irwin et al. 1999), H I observations of the Ursa Major cluster (Verheijen
& Sancisi 2001), and a CO survey of the central regions of 68 galaxies (Komugi et al.
2008).
NGC 4565 is a large (D25 = 16.
′72; Rupen 1991), nearby (d ≃ 9.7 Mpc; Dahlem
et al. 2005, and references therein), edge-on (i ∼ 86◦; Rand et al. 1992, and references
therein) spiral galaxy. There has been a great deal of research on this galaxy using CO
and H I observations. Rupen (1991) observed H I emission toward NGC 891 and NGC
4565 using the VLA and found considerable asymmetries in the radial distribution of
H I and an asymmetric warp in the H I disk of NGC 4565. Sofue & Nakai (1994) have
shown that the radial profile of CO (taken by Nobeyama telescope) is asymmetric.
From H I line observations, Dahlem et al. (2005) have suggested that two small
companions might affect the gas kinematics of NGC 4565. Heald et al. (2011) have
surveyed local galaxies using the Westerbork Synthesis Radio Telescope and shown
that NGC 4565 exhibits much less SF activity and extraplanar H I compared to NGC
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891. Laine et al. (2010) have shown evidence for an active galactic nucleus in NGC
4565 by detecting the diagnostic lines [Ne v] 14.32 µm and [Ne v] 24.31 µm.
NGC 5907 is also a large (D25 = 12.
′6; Laine et al. 2010), nearby (d ≃ 11 Mpc;
Just et al. 2006), edge-on spiral galaxy with an inclination of about 86.5◦ (Garcia-
Burillo et al. 1997). NGC 5907 is well known for the warp in its H I gas layer (Sancisi
1976) and optical disk (Sasaki 1987). CO observation by Dumke et al. (1997) have
revealed a central concentration and a ring-like structure at a radius of about 7 kpc.
The organization of this paper is as follows. We summarize the observations and
the reduction of CO, H I, and IR data in Section 3.2 and show the radial distribution
of ΣH2 , ΣHI, Σ∗, and ΣSFR in Section 3.3. We measure the inclinations of the less
edge-on galaxies and scale heights of the gas and stars and derive the vertical velocity
dispersions in Section 3.4. We examine the Kennicutt-Schmidt law and the role of
instability parameter Q using our sample of galaxies in Section 3.5. We investigate
and discuss the relationship between the molecular to atomic gas ratio and the inter-
stellar gas pressure when the scale heights and velocity dispersions vary with radius
in Section 3.6. Finally, our results are summarized in Section 3.7.
3.2 Observations and Data Reduction
3.2.1 CO Observations
The BIMA 12CO (J = 1→ 0) observations were taken in 2004 toward the edge-on
galaxies NGC 4157 (in B, C, and D congurations), NGC 4565 (C and D), and NGC
5907 (C and D). In 2010 and 2011, we observed NGC 4565 and 5907 using CARMA
(in C and D configurations) in order to obtain higher angular resolution. The median
baseline lengths are roughly 278 m (B), 93 m (C), and 40 m (D) for BIMA and
278 m (C) and 111 m (D) for CARMA. The instruments and configurations used
are summarized in Table 3.2. All the CO data were calibrated and imaged using the
MIRIAD package. The calibration for each track involved use of MFCAL for bandpass
and gain calibration and the BOOTFLUX task for flux calibration. For NGC 4565
and 5907, we combined the separately calibrated BIMA and CARMA data using the
MIRIAD task INVERT. All the CO images were produced using natural weighting
to achieve the highest possible sensitivity.
The CO zeroth-moment maps of NGC 4157, 4565, and 5907 are shown in Figure
3.1. Throughout this paper, we use x for the coordinate along the major axis (line
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Table 3.2 CO and H I Observing Parameters
Galaxy NGC 4157 NGC 4565 NGC 5907
CO H I CO H I CO H I
Telescope BIMA VLA BIMA&CARMA VLA BIMA&CARMA VLA
Array BCD CD CD&CD BCD CD&CD CD
θ (′′) 3.84×3.30 15.69×14.87 3.6×2.95 6.26×5.59 3.48×2.76 15.43×13.84
∆v (km s−1) 10 20 10 20 10 20
Total Flux (Jy km s−1) 1280 110 1030 274 1530 259
RMS Noise per channel(K) 0.23 0.67 0.16 2.73 0.15 0.81
Velocity Range (km s−1) 550–990 550–990 960–1490 970–1490 420–920 410–910
Circular Beam 4′′ (250 pc) 15.7′′ (981 pc) 3.7′′ (174 pc) 6.3′′ (296 pc) 3.6′′ (190 pc) 15.5′′ (821 pc)
Note. — θ is the angular resolution. ∆v is the velocity resolution. The original beam has been
convolved to the circular beam for Olling’s method in Section 3.4.1.
of nodes), y for the coordinate perpendicular to x in the galaxy plane, and z for the
coordinate perpendicular to the galaxy plane. The coordinate along the minor axis
is actually a combination of y and z (if not exactly edge-on), so we refer to it as the
“minor axis offset”. The angular and velocity resolutions, total CO flux in Jy km s−1,
and the RMS noise per channel in K are presented in Table 3.2. For the total flux, we
used a masked zeroth-moment map derived from a gain corrected image cube, limited
to the region where the map noise is within a factor of two of its minimum (central)
value. The masked map is obtained by blanking regions below a 3σ threshold in a
smoothed cube. We used a noise-flattened map convolved to 10′′ for the smoothed
cube, where the noise flattened map is the original cube divided by the normalized
sensitivity image. The average RMS noise is obtained from line-free edge channels
of the gain corrected cube. Each map is rotated to place the blue-shifted side of the
disk (lower velocities than Vsys) on the negative x-axis.
3.2.2 H I Observations
We have obtained H I data of the galaxies from the NRAO VLA archive. The array
configurations are C and D for NGC 4157 and 5907 and B, C, and D for NGC 4565.
A data reduction pipeline implemented in the CASA (Common Astronomy Software
Applications) software package (McMullin et al. 2007) was built for reprocessing the
whole dataset in a uniform procedure, which we describe below.
For the data taken from each individual track, flagging of shadowed data was
automatically performed first. Edge channels in each spectral window were also au-
tomatically flagged, if a test bandpass calibration showed their solution amplitudes
falling below 0.75. Any additional bad visibilities from either interference or instru-
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mental problems were located and examined using task PLOTMS and VIEWER,
and flagged using FLAGCMD with mode = ‘manualflag’ or ‘quack’. Then the flux
calibrator visibility model was set using SETJY, and we computed the bandpass and
flux-scaled gain tables from the primary and secondary calibrator data, using tasks
BANDPASS, GAINCAL, and FLUXSCALE. Those solution tables were later applied
to the data with the task APPLYCAL.
For the calibrated visibilities of each track, we usually performed a continuum
subtraction in uv-space using task UVCONTSUB. A first order polynomial fit was
used to estimate the continuum emission from line-free channels. Then the data from
different tracks were combined using task CONCAT, and we imaged and cleaned
the spectral data cubes using the CASA task CLEAN, with the ROBUST weighting
algorithm (the ROBUST parameter was set to R = 0.5). The clean depth went to a
flux level of 2.5 times the RMS derived from the line free channels of a dirty cube.
Figure 3.2 shows the H I zeroth-moment maps of NGC 4157, 4565, and 5907.
The observing parameters including the angular and velocity resolutions are shown
in Table 3.2. The total flux in units of Jy km s−1 has been obtained from integration
of the masked cube, where the mask was constructed from the 3σ contour of a cube
smoothed to 20′′. The average RMS noise is measured in the line-free edge channels
of the original cube. The strong warp of NGC 5907 presented in previous studies is
evident.
3.2.3 IR Observations
The IR data (IRAC 3.6 µm and MIPS 24 µm) were obtained from the Spitzer archive:
Program ID 69 (PI: G. Fazio) for both 3.6 µm and 24 µm of NGC 4157, Program
ID 3 (PI: G. Fazio) for 3.6µm images of NGC 4565 and 5907, and Program ID 20268
(PI: R. de Jong) for 24 µm images of NGC 4565 and 5907. We have downloaded
the basic calibrated data (BCD) and used MOPEX (Mosaicking and Point Source
Extraction) to remove background variations in the BCD images and mosaic the
images. In the case of 24 µm, we have removed a residual flat field in the BCD data
before background matching and mosaicking.
The reduced 3.6 µm and 24 µm images of NGC 4157, 4565, and 5907 are shown in
Figure 3.3 and Figure 3.4, respectively. The ring seen in the CO map of NGC 4565 is
clearly shown in the 24 µm map. In the 3.6 µm maps, bright stars located nearby or
projected against the galaxies are blanked and replaced by values from neighboring
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pixels using GIPSY (Groningen Image Processing System) tasks BLOT and PATCH
before deriving their radial distributions.
3.3 Radial Surface Density Distributions
3.3.1 Molecular and Atomic Gas
In order to derive the radial profile of gas surface density, we employ the PVD method
from Paper I using vertically integrated (± 10′′ for CO and ± 50′′ for H I) position-
velocity (p-v) diagrams (Figure 3.5, 3.6, and 3.7) and assuming circular rotation with
a flat rotation curve. In order to avoid combining emission from many different radii,
the central region in the p-v diagrams is excluded when deriving the radial profile.
The radius is obtained using the assumed circular speed (Vc) and the radial velocity
(Vr) at each pixel in the position-velocity diagram:
r = Vc
〈
x
Vr − Vsys
〉
with |Vr − Vsys| < Vc , (3.1)
where the assumed circular speed is 220, 250, 240 km s−1 (indicated as a dashed line
in Fig. 3.5–3.7) for NGC 4157, 4565, and 5907, respectively. The circular speed
is obtained based on the maximum value of the rotation curve (Figure 3.8) that we
derived using the envelope tracing method (Sofue 1996), which is based on a position-
velocity diagram along the midplane. The rotation curve is derived from the terminal
velocity (Vt) at each x offset, considering the velocity resolution (σobs) and the gas
velocity dispersion (σg):
Vproj = Vt −
√
σ2obs + σ
2
g , (3.2)
where the terminal velocity is selected as the highest velocity where the intensity
exceeds the 3σ level. We assume that the inclination is 90◦ when driving the rotation
curve. The derived surface brightnesses of CO and H I are converted to surface mass
densities using the conversion factors shown in Equation (3.3) for CO (Strong &
Mattox 1996; Dame et al. 2001) and Equation (3.4) for H I:
N(H2) [cm
−2] = 2× 1020 ICO [K km s−1]. (3.3)
N(H I) [cm−2] = 1.82× 1018 IHI [K km s−1]. (3.4)
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The derived radial profiles of H I, H2, and the total gas (H I + H2 times a factor
of 1.36 for helium) are shown in Figure 3.9. The average value of both sides of the
disk is used as the surface density profile in the figure. For comparison between
the molecular and atomic gas and to combine the two components for the total gas,
the resolution of the CO map has been convolved to the H I beam. Vertical error
bars show the standard deviation of the average value (of all data points) in a bin
and horizontal error bars represent an uncertainty in the radius, showing obtainable
maximum and minimum radii derived from varying x and Vr by the angular and the
velocity resolutions. Some data points in the inner region of NGC 4565 are excluded
since they are below the 3σ detection threshold, which is obtained using the RMS
noise in the p-v diagram. NGC 4565 shows a ring-like morphology as noticed in the
CO map and NGC 4157 and 5907 exhibit small, centrally concentrated CO disks.
For comparison purposes, we also plot the radial profile of H2 obtained from the
GIPSY task RADPROF (see Section 3.3.2 for details) as a magenta line in Figure 3.9.
The RADPROF profile is in good agreement with the PVD profile of H2, although
NGC 4565 shows differences between them in the central region, where CO emission
is deficient and the uncertainties of the PVD profile are large. As we discussed in
Paper I, RADPROF may cause large errors near the center since it is determined
from the outside. In addition, it is unable to reproduce sharp gradients in the radial
profile, such as those caused by gaps or rings.
3.3.2 Stars and Star Formation Rate
We have used the RADPROF task to obtain radial distributions of the stellar and SFR
surface densities since the IR data don’t have velocity information. The RADPROF
task uses an Abel inversion technique which assumes axisymmetry and requires a
strip integral for each side of a galaxy, along with position angle, inclination, beam,
and an initial function for the radial profile which we assume to be exponentially
decreasing for the 3.6 µm and a Gaussian function for the 24 µm data. The derived
3.6 µm radial profile from RADPROF is converted to stellar mass density using a
conversion factor empirically derived by Leroy et al. (2008):
Σ∗ [M⊙ pc
−2] = 280 (cos i) I3.6 [MJy sr
−1], (3.5)
where the inclination i is zero since the 3.6 µm intensity (I3.6) obtained from RAD-
PROF is the face-on surface density.
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The stellar radial distributions from RADPROF are shown as a blue line in Figure
3.10. In addition to the derived stellar density profile, we also plot a fitted exponential
model (red dashed line in the figure). We use the exponential profile fit as the stellar
density distribution throughout this paper since we wish to exclude the stellar bulge,
which is ignored in the exponential fit. The two radial profiles match each other well
in the disk region. The exponential model we use is a self-gravitating and isothermal
disk model provided by van der Kruit & Searle (1981a):
L(R, z) = L0 e
−R/l sech2
(
z
z∗
)
(3.6)
where L0 is the space luminosity density at the center and l is the scale length. For
fitting we use the projected intensity distribution for an edge-on galaxy, obtained by
integrating the disk model:
µ(x, z) = µ(0, 0)
(x
l
)
K1
(x
l
)
sech2
(
z
z∗
)
, (3.7)
where µ(0, 0) = 2hL0 and K1 is the modified Bessel function of order 1. When we
fit the exponential function to the 3.6 µm maps, the central regions (stellar bulge)
are excluded: 30′′ for NGC 4157, 80′′ for NGC 4565, and 60′′ for NGC 5907. The
scale lengths obtained by fitting Equation 3.7 are ∼ 2 kpc (NGC 4157), ∼ 4 kpc
(NGC 4565), and ∼ 3 kpc (NGC 5907). The scale heights (z∗) are ∼ 570 pc (NGC
4157), ∼ 610 pc (NGC 4565), and ∼ 530 pc (NGC 5907). The vertical error bar
in the profile represents an uncertainty in the radial profile and is obtained from
the largest difference between the RADPROF and the model profiles. Note that the
excluded central regions are not considered when finding the largest difference for the
uncertainty.
The SFR mass density is converted from the Spitzer 24 µm image by adopting the
calibration given by Calzetti et al. (2007):
ΣSFR
M⊙ yr−1 kpc−2
= 1.56× 10−35
(
S24µm
erg s−1 kpc−2
)0.8104
, (3.8)
where
S24µm
erg s−1 kpc−2
= 1.5× 1040
(
I24
MJy sr−1
)
, (3.9)
and I24 is the SFR (24 µm) surface brightness derived from RADPROF.
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Figure 3.11 shows the SFR radial profiles of the galaxies. For the error bar showing
a factor of 2 uncertainty in the figure, we use the biggest difference between two radial
profiles from different methods (RADPROF and ELLINT) for several face-on galaxies
(observed by Spitzer at 24 µm) as described in Paper I. Before deriving the SFR radial
profile of NGC 4565, the central compact source (possibly an AGN; Laine et al. 2010)
in the 24 µm map has been removed using the GIPSY tasks BLOT and PATCH. The
star formation rate in these galaxies seems relatively low compared to the SFR in
NGC 891 (Paper I). Dumke et al. (1997) also found that NGC 4565 and 5907 show
lower star formation than NGC 891. The total flux density at 60 µm of IRAS (often
used as a tracer for SFR) is 66.46, 17.71, 7.79, and 9.14 Jy for NGC 891, 4157, 4565,
and 5907, respectively (Sanders et al. 2003).
3.4 Radial Variation in Vertical Structure
3.4.1 Inclination and Gas Disk Thickness
Unlike NGC 891, whose inclination is known to be > 89◦ (Oosterloo et al. 2007), the
galaxies in our sample (NGC 4157, 4565, and 5907) appear less inclined. Since the
inclination of galaxies affects the apparent disk thickness, it is important to determine
the inclination of the galaxies in order to obtain correct values for the scale height
and velocity dispersion.
We have derived inclinations and scale heights of these less edge-on galaxies via
Olling’s method (Olling 1996). The inclination (i) and the disk thickness (FWHM)
are obtained from the apparent disk width (FWHMobs) measured at each velocity by
taking into account the size of the in-plane region that contributes emission at that
velocity.
First, we have created model emission cubes using the rotation curve (Figure
3.8) that we derived in Section 3.3.1, the surface density profile (Figure 3.9), and an
assumed constant velocity dispersion (8 km s−1) for both CO and HI maps. For NGC
4157 and 5907, we use the CO rotation curve (red dashed line in Fig. 3.8) for the
CO model and the H I rotation curve (blue solid line in the figure) for the H I model.
However, in case of NGC 4565, we use the H I rotation curve for both CO and H I
models because of a lack of CO emission in the inner region of the galaxy. Since the
rotation curves of CO and H I in this galaxy are very consistent, using the H I curve
for the CO model is justified.
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In this procedure, we used a modified version of the MIRIAD task VELMODEL
to produce a model of the in-plane distribution of gas at each observed radial velocity.
From this task, we obtain a face-on view of the emission contributing to each observed
velocity channel, using the rotation curve and the systemic velocity.
The structure of the velocity field map depends on the adopted rotation curve.
The bottom panels of Figure 3.12 show how the velocity field maps change according
to the rotation curve. In addition, we used MIRIAD tasks IMGEN and ELLINT for
the velocity dispersion model (assuming σg = 8 km s
−1) and the surface density model
(using our derived surface density profile), respectively. For combining all three 1-D
models (velocity field, velocity dispersion, and surface density models) together to
make the model cube, the task VELIMAGE has been employed.
Second, we have fitted a double Gaussian profile (e−0.5((y−yoff )/w)
2
+e−0.5((y+yoff )/w)
2
)
to the minor axis distribution at each x-offset for a given channel map of the model
cube in order to obtain the Gaussian width (w) and the vertical offset (yoff) from the
line of nodes (y = 0). Some channel maps of the model are shown in Figure 3.13 (left)
and the Gaussian width and the vertical offset from the midplane obtained from the
velocity channel map of 650 km s−1 and 850 km s−1 are shown in the figure (right).
The planar width (FWHMp) of the model is given by:
FWHMp(x, Vr) ≈ 2.35
√
w2(x, Vr) + y2off(x, Vr), (3.10)
where the minor axis offset yoff is ignored when the minor axis profile can be fit with
two Gaussians.
Third, returning to the observed data cubes, we have determined distances be-
tween the two peaks of the minor axis profile (∆d) and the FWHMobs thicknesses
(2.35 × Gaussian width) as functions of x and the radial velocity (Vr) by fitting a
double Gaussian profile to many velocity channel maps. The channel maps of obser-
vational data are selected when they show clear a “butterfly” shape, so they can be
fitted by a double Gaussian profile. In addition, among many fitted x-values in the
selected channel map, the final parameters we use for deriving the inclination and the
disk thickness are chosen when at least one of two peaks is greater than twice the rms
noise of the channel map and ∆d is greater than the synthesized beam (FWHMbeam).
One of the channel maps we have used for fitting is shown in Figure 3.15 and examples
of fitting results at two different x offsets in the channel map are also shown in the
figure.
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Finally, using all the parameters we obtained above, we have derived inclinations
(i) and the disk thicknesses as a function of radius for the galaxies using the equations
given by Olling (1996):
i(x, Vr) = cos
−1 ∆d(x, Vr)
2 yoff(x, Vr)
, (3.11)
FWHM2(x, Vr) =
1
sin2i
{FWHM2obs(x, Vr)− FWHM2beam
− [FWHMp(x, Vr)cos i]2}, (3.12)
where FWHMbeam is beam size of the maps after convolving to the circular beam
shown in Table 3.2. One double Gaussian fit to the butterfly shape of the data
provides two different values of FWHM since the Gaussian widths from both sides
are independent unlike the widths of the model. We use both FWHM values when
the ratio of smaller to larger peak intensities is more than a factor of 0.6, while just
one FWHM having the higher peak value is used when the peak ratio is less than 0.6.
We convert x to a radius (R) using the projected rotation curve (Vproj), which is used
to obtain the velocity field model:
R = Vproj(R)
x
|Vr − Vsys| . (3.13)
We plot R/Vproj(R)(= x/|Vr−Vsys|) versus radius (R) in Figure 3.14, showing how we
obtain a radius corresponding to each combination of (x, Vr). From the inclination as
a function of radius, we derived a weighted mean value of inclination and fixed the
inclination to this value when deriving the FWHM values.
The derived inclinations with radius are shown in Figure 3.16 as blue solid and
red open circles for CO and green solid and magenta open triangles for H I. Different
colors indicate different halves of the galaxy. We show a weighted mean value of the
inclination points as dotted (CO) and dashed (H I) lines and use a representative
value of i = 86.5◦ for NGC 4565 and i = 86◦ for NGC 5907 since their CO and H I
mean values are very close. However, in the case of NGC 4157, the CO and H I values
show about 1◦ difference, so we adopt the CO inclination (84◦) for the CO scale height
and the H I inclination (83◦) for the H I scale height. Even though there are some
differences between CO and H I inclinations in NGC 4157, the values match well in
the region where both tracers can be analyzed. We also noticed that the rotation
curves of CO and H I in this galaxy show a mismatch (especially in the region of
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30′′ ∼ 70′′) unlike the other galaxies. Since the inclinations are determined using the
distance yoff depending on the velocity field map, the mismatch between the rotation
curves seems to cause the differences between the inclinations of CO and H I in the
galaxy.
As an example, the input needed to obtain FWHM thickness values are shown in
Figure 3.17 (left panel) for the CO image of NGC 4157. The open triangles show the
observed width (FWHM2obs) and filled circles represent the sum of the two broadening
terms (FWHM2beam+FWHM
2
pcos
2i) in Equation 3.12. In the right panel, all the points
are averaged in a 4′′ radial bin and the averaged values are used to derive the FWHM
thickness following Equation 3.12. The inverted triangle points show the data, which
are non-deconvolveable since they are below the values of the solid circles. The bin
size is selected based on the angular resolution of each map: 4′′ for all the CO maps,
10′′ for the H I map of NGC 4565, and 15′′ for the H I maps of NGC 4157 and 5907.
The use of an average value in a bin provides a resolution similar to its map, as well as
a better signal to noise ratio. The measured scale heights considering the projection
effects for the less edge-on galaxies are shown in Figure 3.18. We use the Gaussian
width (0.42 × FWHM) for the scale height. The scale heights for NGC 891 presented
in Paper I have been included in this figure for comparison purposes. The lines show
the linear least-squares fits to the data points and we use the best fit line to derive
the radial variation in the volume density and velocity dispersion.
The gas disk thickness seems to be related with star formation (Dumke et al.
1997, and references therein). From comparison between the CO disk thickness and
the SFR surface density profile (Figure 3.11), we notice that the galaxies with higher
SFR (NGC 891 and NGC 4157) show a thicker CO disk. In order to investigate the
relationship between the CO disk thickness and SFR, we plot the average CO scale
height as a function of average ΣSFR for the galaxies in Figure 3.19. The average
ΣSFR values are obtained by integrating ΣSFR only over the CO disk range (where
the CO data points for scale height are available) and normalizing by the disk area.
This figure seems to show a correlation between the CO disk thickness and the SFR.
3.4.2 Stellar Disk Thickness
Olling’s method is not applicable to the stellar scale height due to the lack of velocity
information. Therefore, we have assumed a sech2(z/h∗) function to derive the varia-
tion of the stellar scale height (h∗) with radius. The vertical distributions at a certain
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radius are obtained by employing RADPROF to obtain radial distributions at many
different vertical heights (z). We take into account the projection effect for the stellar
scale height by multiplying by sin i. The radial variation of the stellar scale height
is shown in Figure 3.18 (right panel). We use the best fit line, which is obtained by
linear least-squares fitting to the data points, to describe the radial variation in the
stellar scale height.
3.4.3 Comparison of the Disk Thicknesses
For the radial variation in scale height, we have used the best-fit function (h) for CO,
H I and stars expressed as:
h = (a±∆a) + (b±∆b)R, (3.14)
where the intercept (a) and the slope (b) with their uncertainties (∆a and ∆b) are
summarized in Table 3.3. For ease of presentation, the slope is quoted in pc kpc−1
rather than in dimensionless form. Unlike the scale heights of H I and stars, the
uncertainties in the slope of the CO scale height are very large in the three galaxies
NGC 4157, 4565, and 5907 and the uncertainty for NGC 4565 is even larger than the
slope. However, most galaxies show increases with radius in the scale heights of CO,
H I, and stars. As shown in Figure 3.18, the outer region in the CO scale height and
the inner region of the H I scale height are obtained by extrapolation since there are
no data points in those regions.
The stellar scale heights are not deconvolved, but that might not affect the scale
height values within an uncertainty of factor of two since the beam size of the 3.6 µm
map is about 90 pc. In addition, we have generated 3.6 µm models using the GIPSY
task GALMOD in order to simulate how much beam smoothing and inclination affect
the stellar scale height. All models are generated by using the radial profile and
rotation curve we derived, but their inputs for the scale height and inclination were
varied. In addition, all models are smoothed to the resolution (1.66′′ × 1.66′′) of the
3.6 µm map. First, we obtained a model galaxy of NGC 5907 for a constant scale
height (265 pc) with the derived inclination (86◦) and found that the scale height
measured by fitting a sech2 function to the model shows a central value of 510 and
positive gradient of 12 in the same units of Table 3.3. Second, we used the scale height
we measured from the data as an input with the inclination of 86◦ and obtained a
central value of 458 and a gradient of 51. These values are even higher than the input
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Table 3.3 Parameters from fitting the radial variation of the scale heights
Galaxy Adopted i [◦] Central Value (a±∆a) [pc] Gradient (b±∆b) [pc/kpc]
CO H I Stars CO H I Stars
NGC 891 90 120±1 151±5 177±6 8.3±0.1 11.6±0.5 35.2±0.6
NGC 4157 84(CO) & 83(H I) 89±11 290±11 279±4 5.0±2.7 21.7±1.1 61.5±1.0
NGC 4565 86.5 33±8 68±5 526±4 1.1±1.4 20.8±0.4 8.2±0.4
NGC 5907 86 31±8 284±8 259±3 2.7±1.5 13.7±0.6 39.4±0.5
values which is the scale height we measured from our data. Finally, we generated
a model that has the same inputs with the second model except the inclination of
90◦ in order to examine how much the resolution of the 3.6 µm map produces a
difference in the scale height. As a result of the modeling, we found that the scale
height from the smoothed model is not much different from the input scale height.
The obtained values for the central value and gradient from the model are 337 and
44, respectively. We conclude that inclination and resolution effects can contribute
to the radial variation in the scale height, but a constant scale height appears to be
excluded.
3.4.4 Midplane Volume Densities
Using the derived mass density and scale height distributions in the previous sections,
we have obtained the midplane volume density profile with radius:
ρ0H2 =
ΣH2
hH2
√
2π
, ρ0HI =
ΣHI
hHI
√
2π
, ρ0∗ =
Σ∗
2h∗
. (3.15)
This midplane density profile allows us to explore the role that the turbulent interstel-
lar pressure (ρ0σ
2
g) plays in controlling the molecular to atomic (volume) gas density
ratio, in comparison with the relationship between the hydrostatic midplane pressure
and the H2/H I ratio based on surface mass density. In addition, the density profile
will allow us to investigate the SFR law in terms of volume density instead of surface
density, so that we can therefore examine whether the SFR law (ΣSFR∝ Σgasn) pre-
sented in previous studies still applies when using the volume densities, which may
be more physically relevant to the star formation rate. We will study the SFR law
based on the volume density in the next paper in this series.
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3.4.5 Vertical Velocity Dispersion
Since it is not easy to measure a gaseous vertical velocity dispersion directly, this
quantity has been usually assumed to be constant. As an alternative, we have inferred
the velocity dispersions as a function of radius using a numerical solution to the
Poisson equation for a multi-component disk (Narayan & Jog 2002b):
σ2i =
4πGρ0,totρ0i
−(d2ρi/dz2)z=0 , (3.16)
where the subscript i can refer to either g (gas) or ∗ (stars),
d2ρg/dz
2 = −ρ0g/h2g, d2ρ∗/dz2 = −2ρ0∗/h2∗ at z = 0, (3.17)
⇒ σg =
√
4πGh2gρ0,tot, σ∗ =
√
2πGh2∗ρ0,tot. (3.18)
Here we ignore the dark matter halo and assume a Gaussian distribution for the gas
(H2 and H I) and a sech
2 profile for stars. The boundary conditions we have used are
ρi = ρ0i and dρi/dz = 0 at the midplane (z = 0). The total midplane density is,
ρ0,tot = ρ0,H2 + ρ0,HI + ρ0∗ (3.19)
The velocity dispersions of CO, H I and stars for the galaxies including NGC 891
are shown in Figure 3.20. The lines without point symbols indicate that they are
obtained using the extrapolated scale heights since there are no data points in those
regions (see Figure 3.18).
The two galaxies NGC 4565 and 5907 show very low values of CO velocity dis-
persion compared to the other galaxies. The two main reasons for the low velocity
dispersions are because of low values in (1) the total midplane density and (2) the
scale height of CO (see Equation 3.18). In addition, since the CO measurements out-
side the ring of NGC 4565 might be quite uncertain, the velocity dispersions outside
the ring might be underestimated. On the other hand, the HI velocity dispersions are
very large in the inner region, especially in NGC 4157 and 5907. However, those high
velocities are obtained using the extrapolated scale height of H I, so they might not
be trustable. Note that when we estimate the midplane total density to derive the
HI and stellar velocity dispersions, the molecular densities in the regions outside the
CO field of view are assumed to be zero—a reasonable approximation because these
regions are strongly H I dominated (with the possible exception of NGC 4565). In
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general, our results show that the velocity dispersions of CO, H I, and stars decrease
as a function of radius.
3.5 Star Formation
In this section, we examine the Kennicutt-Schmidt law (star formation law in terms
of surface density) in our edge-on galaxy sample and compare the obtained Schmidt
law indices with values from face-on systems found in other studies. We also test
the role of the gravitational instability parameter Q in determining the region where
stars form.
3.5.1 Kennicutt-Schmidt Law
In Figure 3.21, we plot ΣSFR versus ΣH2 (left) and Σgas (right) for our galaxy sample
including NGC 891 in order to examine the strength of the relationships and compare
their slopes. We use the ordinary least-squares (OLS) bisector (Isobe et al. 1990) to
fit the relationships. The obtained power-law index and RMS scatter around the fit
for all galaxies are presented in Table 3.4. Note that the index of NGC 891 is a bit
different from Paper I since we use the OLS bisector instead of the least-squares fitting
used in Paper I. In addition, the index of NGC 891 for the total gas is much higher (by
factor of 2) than the index in Paper I because we use gas data points up to R = 400′′,
instead of 300′′ in Paper I. Our results suggest that the correlation between ΣSFR
and ΣH2 is better than the correlation between ΣSFR and Σgas when considering the
RMS scatter around the relationship. In addition, most individual relations between
ΣSFR and Σgas appear to show distinct slopes at the low and high ends; this is most
noticeable in NGC 4565. The most frequently cited relation given by Kennicutt (1998)
suggests an index of 1.4: ΣSFR ∝ Σgas1.4. Wong & Blitz (2002) obtained weighted
average indices of 0.78 (molecular gas) and 1.12 (total gas) from seven spiral galaxies.
Leroy et al. (2005) found an index of 1.3 for the relationship between SFR (traced by
the radio continuum) and H2 in dwarf galaxies. Bigiel et al. (2008) derived average
values of 0.96 for H2 and 1.85 for H I + H2 from seven spiral galaxies. Bigiel et al.
(2008) also obtained a smaller scatter for the molecular gas relation (0.2 dex) than a
scatter for the total gas relation (0.3 dex). The overall tendency towards a steeper
index in the correlation between total gas and SFR compared to the “molecular star
formation law” (ΣSFR ∝ ΣH2n) is also shown in our results since the relatively constant
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Table 3.4 Power-law indices for the star formation law
Galaxy Molecular Gas Total Gas
Index RMS scatter Index RMS scatter
NGC 891 0.86 0.12 1.62 0.35
NGC 4157 0.74 0.14 2.65 0.22
NGC 4565 0.29 0.05 1.39 0.36
NGC 5907 0.57 0.07 3.27 0.22
values in the atomic gas density profile steepen the total gas star formation law (ΣSFR
∝ Σgasn). However, the derived “molecular” indices are generally smaller (0.29–0.86)
than found in the previous studies, especially in NGC 4565 and 5907.
Figure 3.22 shows the star formation efficiency (SFE) as a function of radius
normalized by R25 in terms of total gas (SFE = ΣSFR/Σgas) and the molecular gas
(ΣSFR/ΣH2). The inverse of this quantity (SFE
−1) represents the gas depletion time.
Overall, most galaxies show declining SFE (in terms of total gas) with radius even
though variations in SFE exist in some galaxies. On the other hand, the molecular
SFE in Figure 3.22 (right) appears to be increasing in most of the galaxies. That is
caused by a steeper drop in the ΣH2 profile compared to that of SFR, even though
CO and 24 µm seem to resemble each other in their maps and the radial profiles.
However, some previous studies showed a roughly constant SFE in the inner disk
where molecular gas is dominant. Rownd & Young (1999) observed the constancy
of SFE in a study of the SFE within CO-emitting galaxies. Bigiel et al. (2008) and
Leroy et al. (2008) showed a constant SFE in the H2 dominated region and decreasing
SFE with radius in the H I dominated region.
In order to verify whether the difference between RADPROF and PVD methods
affects the flatter slope in the SFR vs. molecular gas relation, we investigate the
relationship between ΣSFR and ΣH2 on a pixel-by-pixel basis (Bigiel et al. 2008) besides
the relationship based on the radial profiles. For the pixel-by-pixel comparison, we
use the masked CO maps. Since most of the galaxies have very low resolution in
H I compared to CO, we don’t use H I maps for comparison between ΣSFR and Σgas
and focus on the “molecular star formation law” with the CO map convolved to the
24 µm beam (5.9′′) for NGC 4157, 4565, and 5907 and the 24 µm map convolved to
the CO beam (7′′) for NGC 891. Using the beam matched maps, we extract data by
comparing two images on a pixel-by-pixel basis using the MIRIAD task IMCMP. All
the extracted data from comparing ΣSFR and ΣH2 maps are counted in a pixel (0.1
dex by 0.1 dex) and the numbers of the data points in a pixel are presented as color
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contours in Figures 3.23. The blue solid points in the figures show the correlations
from the radial profile for comparison purposes. Most of the radial profile points for
each galaxy follow the mean trends defined by the pixel-by-pixel plot (Fig. 3.23),
but their values are generally lower compared to the contours since the projection
effect of an edge-on galaxy leads to higher values in the pixel-by-pixel method. In
particular, NGC 4565 shows much lower values for the radial profiles, due to its ring-
like morphology leading to lower surface densities, especially in the central region.
The best-fit line in the figures is obtained using the OLS bisector and the fitted
power-law index (Schmidt law index) is shown in the upper-left corner of the figure.
The obtained indices from the pixel-by-pixel analysis are in the range of 0.43 – 0.57
for the molecular star formation law. Those values are similar to the indices from the
radial profile analysis. This is in contrast to the results of Bigiel et al. (2008) who
obtained a power-law index of about unity (shown as red dashed line in Fig. 3.23)
for the H2 star formation relation based on a pixel-by-pixel comparison for seven
spiral galaxies. One of the reasons for the shallow slopes in our results might be due
to the possible of optical depth effects in the 24 µm emission or contribution from
diffuse starlight heating. Rahman et al. (2011,2012) have suggested that one possible
reason for the flatter slopes in some galaxies among their sample might be a greater
contribution from diffuse emission to the 24 µm emission.
3.5.2 Gravitational Instability
In order to investigate the relationship between the gravitational instability parameter
Q and massive star formation, we obtain the parameter Qgas+star using a modified
version (to treat H I and H2 separately) of the equation provided by Rafikov (2001),
assuming two components of collisional gas and collisionless stars in a thin rotating
galactic disk:
1
Qgas+star
=
2
QHI
ΓσHI
q
1 + q2Γ2σHI
+
2
QH2
ΓσH2
q
1 + q2Γ2σH2
+
2
Qstar
1
q
[1− e−q2I0(q2)] > 1,
(3.20)
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where
QHI =
κσHI
πGΣHI
, QH2 =
κσH2
πGΣH2
, Qstar =
κσ∗,r
πGΣ∗
, (3.21)
ΓσHI = σHI/σ∗,R, ΓσH2 = σH2/σ∗,R, (3.22)
q =
kσ∗,R
κ
, κ =
Vrot
R
√
2
(
1 +
R
Vrot
dVrot
dR
)
. (3.23)
Here σ∗,R is the stellar velocity dispersion in the radial direction, estimated from
the vertical velocity dispersion: σ∗,R = σ∗/0.6 (Bottema 1993). I0 is the Bessel
function of zero order, k is the wavenumber (2π/λ), κ is the epicyclic frequency,
and Vrot (= Vproj/sini) is the rotational velocity based on Equation 3.2. For more
accurate values, the projected rotational velocity from the p-v diagram is divided
by sin i to account for the inclinations of the galaxies. Note that Qgas+star is the
minimum among those values we can obtain with a range of λ; usually the selected
λ (providing the minimum Qgas+star) is up to about 4 kpc. In this procedure, we use
the inferred vertical velocity dispersion as a function of radius (Figure 3.20) to derive
the parameter Qgas+star shown in Figure 3.24 (top left) for the galaxies including
NGC 891 from Paper I. The unstable condition is Qgas+star < 1. The results show
that most galaxies are marginally stable (Q ∼ 1) in most regions, supporting the
self-regulation of star formation (e.g., Ostriker et al. 2010; Kim et al. 2011). The
Qgas+star value is increasing toward the center, contradicting the general expectation
of an unstable central region. This tendency is also shown in a study of Leroy et al.
(2008) even though they used a constant velocity dispersion for gas (11 km s−1) and
varying velocity dispersion of stars proportional to Σ∗
0.5. The increase of Q toward the
center appears to be due to the epicyclic frequency associated with the steeply rising
slope of the rotation curve. It is well known that a strong central mass concentration
makes Q increase in the central regions; this is called the “Q barrier” and is discussed
by Sellwood (1985) and others.
In Figure 3.24 (top right), we also obtain another Qgas+star profile when the ver-
tical velocity dispersions are assumed to be constant (σ∗ = 35 km s
−1 and σg = 8
km s−1). In this regime, two galaxies (NGC 891 and 4157) show unstable regions
predicting star formation in the inner disk, while the other galaxies (NGC 4565 and
5907) show a marginally stable disk. Considering the relatively low SFR in NGC
4565 and 5907 compared to the SFR in NGC 891 and 4157, the Qgas+star profile with
constant velocity dispersions show a reasonable prediction for the massive star for-
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mation. However, the assumed constant values are in conflict with the inferred radial
variation in the velocity dispersion. The increase toward the center is also shown in
this profile.
The different Qgas+star profiles for constant and varying velocity dispersions show
how much the adopted velocity dispersions affect the parameter. By plotting indi-
vidual Q profiles for gas and stars in both cases, it appears that Qgas+stars is affected
mostly by Qstar. The range and values of Qgas are very large compared to Qstar and
the profile shape of Qgas+star follows that of Qstar.
For comparison purposes, we also applied the recent approximation considering
realistically thick disks given by Romeo & Wiegert (2011):
1
Qgas+star
=


W
T∗Qstar
+ 1
TgQgas
if T∗Qstar ≥ TgQgas,
1
T∗Qstar
+ W
TgQgas
if TgQgas ≥ T∗Qstar,
where
W =
2s
1 + s2
, s =
σg
σ∗,r
, T ≈ 0.8 + 0.7
(
σz
σr
)
. (3.24)
Here the ratio of vertical to radial velocity dispersion (σz/σr) is 0.6 for stars and
1 for gas. The Qgas+star profiles using varying and constant σ are shown in the
bottom panels of Figure 3.24. There is not much difference between the two different
approaches provided by Rafikov (2001) and Romeo & Wiegert (2011). They show
similar behavior in the profiles although the values are slightly different.
3.6 Molecular to Atomic Gas Ratio
The ratio of molecular to atomic gas density is suggested to be linked to the inter-
stellar gas pressure (e.g., Elmegreen 1993). Since SFR is strongly correlated with
the molecular gas, the interstellar pressure may provide a prescription for the star
formation rate in a galaxy, if there is a strong correlation between the interstellar
pressure and the ratio. Therefore, we examine whether the correlation is applicable
in our sample of galaxies. First, we have investigated the relationship between the
hydrostatic midplane pressure and the molecular to atomic gas ratio (ΣH2/ΣHI). In
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order to obtain the hydrostatic pressure (P0), we use the equation given by Paper I:
P0 = 0.89(GΣ∗)
0.5Σgas
σcg
z0.5∗
. (3.25)
This equation is very close to that derived by Blitz & Rosolowsky (2004). We assume
the gas velocity dispersion σcg = 8 km s
−1 following Blitz & Rosolowsky (2004). For
the constant stellar scale height (z∗), the values obtained by fitting the exponential
model to 3.6 µm maps in Section 3.3.2 are used: 566 pc, 608 pc, and 528 pc for
NGC 4157, 4565, and 5907, respectively. In order to compare with the power-law
relationship found by Blitz & Rosolowsky (2006), we plot the ratio ΣH2/ΣHI against
the hydrostatic pressure in Figure 3.25 (left panel) and obtain a power-law slope (α)
by least-squares fitting:
ΣH2
ΣHI
=
(
P0
Ptr
)α
, (3.26)
where Ptr is the hydrostatic pressure at the transition radius where ΣH2/ΣHI = 1 in
the fit. The obtained power-law indices are shown in the lower-right corner of the
figure. The index of NGC 891 (0.91) is a bit different from the index (0.89) in Paper
I since Ptr is a fit parameter in the present analysis. The dotted line in the figure
represents a power-law relationship with index of 0.92 shown in Blitz & Rosolowsky
(2006) for comparison. It seems that most of galaxies are well fitted by the power-law
relation even though the range of slopes is large. However, the index of 0.92 is an
average value and the range of slopes for the sample of galaxies in the study by Blitz
& Rosolowsky (2006) is 0.58 – 1.64. The relation in two galaxies (NGC 4157 and
5907) appears to steepen in the outer disk due to the rapid decrease in ΣH2 in the
region.
The midplane hydrostatic pressure (P0) is obtained under the assumptions of con-
stant values of the velocity dispersion for gas and the scale height for stars. However,
those values vary with radius as shown in Figure 3.18 and 3.20. Therefore, we have
derived the interstellar gas pressure using the derived volume density at the midplane
and radially dependent vertical velocity dispersion in order to verify whether a power-
law relationship is still valid for the interstellar gas pressure (Pg) at the midplane:
Pg = ρ0g(R) σ
2
g(R) ≈ ρ0H2(R) σ2H2(R) + ρ0HI(R) σ2HI(R). (3.27)
We assume the partial pressures contributed by the H I and H2 are additive. We find
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that a power-law relationship between the midplane ρH2/ρHI ratio and the interstellar
pressure seems to be effective as shown Figure 3.25 (middle panel). The power-law
indexes are a bit smaller or similar to the relationship using a constant values of
scale height and velocity dispersion (left panel) and the range of slopes is in good
agreement with Blitz & Rosolowsky (2006).
Finally, in Figure 3.25 (right panel), we have investigated the relationship be-
tween the volume density ratio and the interstellar pressure using constant velocity
dispersion of 8 km s−1 (Pcg):
Pcg = ρ0g(R) σ
2
cg. (3.28)
Most of the galaxies show a strong correlation with similar power-law indexes. Among
the three cases (P0, Pg, and Pcg), the second case using the volume densities (from
varying scale heights) and the varying gas velocity dispersion with radius appears to
show a weaker relationship compared to the other cases. That might be due to large
uncertainties in the vertical velocity dispersion as a function of radius, caused by the
use of an extrapolated scale height. In addition, uncertainties in the mass conversion
factors for the gas and stars may affect all the cases.
We obtained reduced chi-square values (goodness of fit) shown in Figure 3.25 for
all the fits and noticed that the third case shows better fits since most reduced chi-
square values are close to unity. The good correlation between Pcg and Rmol may
also support the suggestion that Rmol is really correlated with ρ0g rather than the
pressure (Mac Low & Glover 2012). Since the pressure Pcg is directly proportional
to the gas volume density ρ0g regardless of the velocity dispersion in that case, the
relation between Rmol and Pcg becomes Rmol ∝ ρ0g.
3.7 Summary and Conclusions
We have measured the thicknesses of CO, H I, and stellar disk for a sample of edge-on
galaxies (NGC 4157, 4565, and 5907) in order to derive the midplane volume density
as a function of radius. In addition, we have inferred the vertical velocity dispersion
from the measured disk thickness and surface density by solving the Poisson equation.
Using the estimated volume density and inferred velocity dispersion as functions of
radius, we have derived the interstellar gas pressure (ρgσ
2
g) in order to investigate the
role of the pressure in controlling the H2/H I ratio.
1. We have obtained the inclinations using Olling’s (1996) method to consider the
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projection effect of the less edge-on galaxies when we derive the disk thickness. The
measured inclinations of NGC 4157 show a small difference between CO (84◦) and
H I (83◦) disks, while NGC 4565 and 5907 show a consistent value for both disks:
86.6◦ for NGC 4565 and 86◦ for NGC 5907.
2. Using the inclinations, we have derived the disk thickness from the FWHM
values of the observational data and the model at many different channel maps show-
ing a “butterfly” shape. Our results show that the scale heights of CO, H I and
stars increase with radius over the disk although the flaring of the CO disk in NGC
4565 and 5907 is not clearly visible. The strongly star-forming galaxies (NGC 891
and NGC 4157) show a thicker CO disk compared to the other galaxies, suggesting
a correlation between the disk thickness and star formation activity. The vertical
velocity dispersions of CO, H I and stars inferred using the scale height and surface
density are declining as a function of radius.
3. We have obtained the Schmidt law index for total gas and molecular gas using
both a radial profile and pixel-by-pixel analysis. For the molecular star formation
law, the fitted indices for all galaxies range from 0.29 to 0.86 in the radial profile
method and from 0.43 to 0.57 in the pixel-by-pixel method. For the total gas star
formation law, the range of the index is from 1.39 to 3.27 in the radial profile analysis.
The correlation between ΣSFR and ΣH2 appears to be stronger than the relationship
between ΣSFR and Σgas when taking into account the RMS scatter and the curvature
in the relationship for the total gas.
4. We have derived the gravitational instability parameter Qgas+star in order to
investigate the relationship between the parameter and massive star formation. In
addition, we have compared the Qgas+star profiles using constant and varying velocity
dispersions of gas and stars. Our results show that Qgas+star using constant velocity
dispersions seems to predict the star forming region in the inner disk, while Qgas+star
using varying velocity dispersion doesn’t show a clear relationship with massive star
formation. However a constant value of the velocity dispersion is not realistic based
on recent observational studies. In addition, both cases are not able to predict massive
star formation near the center. While the gravitational instability parameter does not
appear to predict the locus of massive star formation, the parameter using varying
velocity dispersions might suggest the self-regulated star formation (Q ∼ 1) even
though the values are a bit larger than unity in most of galaxies.
5. We have obtained the power-law index of the relationship between the hydro-
static midplane pressure and the molecular to atomic gas ratio. The range of the
fitted index for the galaxies is 0.91 – 1.67 in this study. In addition, we have derived
the interstellar gas pressure both using the derived varying velocity dispersion σg(R)
and assuming a constant velocity dispersion σcg in order to examine the power-law re-
lationship between the gas pressure and the midplane volume density ratio (ρH2/ρHI).
The power-law index ranges from 0.72 to 1.71 for the case using σg(R) and from 0.69
to 1.41 for the constant dispersion case (σcg = 8 km s
−1). All three cases appear
to show a well defined power-law relationship between the pressure and the ratio al-
though the tightest correlation is for a constant velocity dispersion, suggesting that
Rmol is more fundamentally related to volume density than pressure.
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Figure 3.1 CO integrated intensity maps of NGC 4157 (top), NGC 4565 (middle),
and NGC 5907 (bottom). Contour levels are 26× 1.4n K km s−1, with n=0, 1, 2, 3.
The synthesized beam is shown in the lower right corner of each box.
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Figure 3.2 H I integrated intensity maps of NGC 4157 (top), NGC 4565 (middle),
and NGC 5907 (bottom). Contour levels are 460× 1.9n K km s−1, with n=0, 1, 2, 3
for NGC 4157 and NGC 5907 and 3400× 1.4n K km s−1, with n=0, 1, 2, 3 for NGC
4565. The synthesized beam is shown in the lower right corner of each box.
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Figure 3.3 Spitzer 3.6 µm images of NGC 4157 (top), NGC 4565 (middle), and NGC
5907 (bottom). Contour levels are 0.4× 2.6n MJy sr−1, with n=0, 1, 2, 3, 4.
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Figure 3.4 Spitzer 24 µm images of NGC 4157 (top), NGC 4565 (middle), and NGC
5907 (bottom). Contour levels are 0.6× 2.1n MJy sr−1, with n=0, 1, 2, 3, 4.
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Figure 3.5 Vertically integrated position-velocity diagrams of NGC 4157 CO (top)
and H I (bottom). CO contours are 3.0×1.7n K arcsec, with n=0, 1, 2, 3. H I contour
levels are 93.0×2.1n K arcsec, with n=0, 1, 2, 3, 4. CO contours (red) are overlaid on
H I contours (blue). The dashed lines show the assumed circular speed (220 km s−1)
used to derive the radial profile using the PVD method.
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Figure 3.6 Vertically integrated position-velocity diagrams of NGC 4565 CO (top)
and H I (bottom). CO contours are 2.2 × 1.7n K arcsec, with n=0, 1, 2, 3. H I
contour levels are 450.0× 1.6n K arcsec, with n=0, 1, 2, 3, 4. CO contours (red) are
overlaid on H I contours (blue). The dashed lines show the assumed circular speed
(250 km s−1) used to derive the radial profile using the PVD method.
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Figure 3.7 Vertically integrated position-velocity diagrams of NGC 5907 CO (top)
and H I (bottom). CO contours are 2.2×1.7n K arcsec, with n=0, 1, 2, 3. H I contour
levels are 96.0×2.1n K arcsec, with n=0, 1, 2, 3, 4. CO contours (red) are overlaid on
H I contours (blue). The dashed lines show the assumed circular speed (240 km s−1)
used to derive the radial profile using the PVD method.
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Figure 3.8 Rotation curves obtained from position-velocity diagrams along the mid-
plane. The red circles show the CO rotation curve and blue crosses represent the H I
rotation velocity.
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Figure 3.9 Radial distributions of H2 (red open squares), H I (blue open circles), and
total gas (solid circles) surface density for NGC 4157 (left), NGC 4565 (middle), and
NGC 5907 (right). A factor of 1.36 is included in the surface densities for helium.
The magenta line is the H2 radial profile obtained from RADPROF.
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Figure 3.10 Stellar surface density as a function of radius for NGC 4157 (left), NGC
4565 (middle), and NGC 5907 (right). Spitzer 3.6 µm images are used to obtain the
stellar radial profile. The blue solid line is the radial profile from the task RADPROF
and the red dashed line shows the exponential disk model.
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Figure 3.11 SFR surface density as a function of radius for NGC 4157 (left), NGC
4565 (middle), and NGC 5907 (right) obtained from Spitzer 24 µm images using the
task RADPROF.
Figure 3.12 LeftColumn: Velocity field map (bottom) from the rotation curve of
NGC 4157 H I (top). RightColumn: Velocity field map (bottom) from a flat rotation
curve of 220 km s−1 (top). The systemic velocity for both models is 770 km s−1. The
contours are 560, 620, 680, 740, 800, 860, 920, 980 km s−1. These represent the in-
plane radial velocities that would be observed from an edge-on view looking from the
bottom of the page.
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Figure 3.13 Left: Deprojected channel maps of a model galaxy generated using the
velocity field map at bottom left in Figure 3.12, assumed velocity dispersion of 8
km s−1, and the HI surface density profile of NGC 4157. The radial velocity of each
channel map is indicated in the upper left corner. The systemic velocity is 770 km s−1.
Right Top: Gaussian width (w) against x-offset from the channel maps at 650 and
850 km s−1. RightBottom: Minor axis offset from the midplane (yoff) as a function
of x-offset from the channel maps at 650 and 850 km s−1.
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Figure 3.14 R/Vproj(R)(= x/|Vr − Vsys|) against radius for NGC 4157.
Figure 3.15 Velocity channel map (taken at Vr = 670 km s
−1) for the NGC 4157 HI
data (Left). Double Gaussian fit (red line) to the minor axis profile (black line) at
x = −95′′(Middle) and at x = −111′′(Right).
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Figure 3.16 Inclinations as a function of radius for NGC 4157 (Left), NGC 4565
(Middle), and NGC 5907 (Right). The blue solid and red open circles show the blue-
shifted disk and red-shifted disk of CO, respectively. The green solid and magenta
open triangles represent the blue and red-shifted disks of H I, respectively. The
horizontal dotted and dashed lines represent weighted mean values of the CO and H I
inclinations, respectively.
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Figure 3.17 Left: The observed FWHM values (open blue and solid green triangles)
and the sum of FWHM2beam and FWHM
2
pcos
2i (solid red circle) as a function of radius
for CO in NGC 4157. Right: Averaged data points in 4′′ radial bins. The values are
for valid double Gaussian fits. The inverted triangle points show the data, which are
non-deconvolveable. The horizontal line represents a value of FWHM2beam.
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Figure 3.18 Top row: scale heights plotted against radius normalized by the optical
radius (R25) for CO (Left), H I (Middle), and stars (Right). Bottom row: scale
heights plotted against radius in units of kpc for CO, H I and stars. The lines show
linear approximations obtained by least-squares fitting.
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Figure 3.19 Average scale height of CO as a function of average ΣSFR. The name of
each galaxy is indicated next to its point. The vertical error bars are the standard
deviation of the mean.
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Figure 3.20 Vertical velocity dispersions against radius normalized by the optical
radius (R25) for CO (Left), H I (Middle), and stars (Right). The lines without
point symbols show the velocities obtained using extrapolated scale heights.
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Figure 3.21 The relationship between ΣSFR and ΣH2 (left) and between ΣSFR and
Σgas (right) for NGC 891, 4157, 4565, and 5907. The power-law index (Schmidt law
index) is indicated in the upper-left corner. The dashed line shows constant SFE,
with the gas depletion time (1/SFE) labeled.
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Figure 3.22 Star formation efficiency as a function of radius normalized by R25 in
terms of total gas (left) and the molecular gas (right) for NGC 891, 4157, 4565, and
5907. The representative error bar of the SFE is shown in the upper right corner.
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Figure 3.23 The relationship between ΣSFR and ΣH2 based on a pixel-by-pixel analysis.
Color contours represent the numbers of the data points in a pixel (0.1 dex by 0.1
dex). The blue poionts show the relationship based on the radial profile shown Fig.
3.21 (left). The solid line is the best fit to the pixel-by-pixel data (not a contour pixel)
using the OLS bisector. The red dashed line shows the “molecular gas” Schmidt law
index of 0.96 based on the pixel-by-pixel analysis of Bigiel et al. (2008).
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Figure 3.24 Qgas+star as a function of radius normalized by R25 for varying velocity
dispersions (left panels) and constant velocity dispersions (right panels). Unstable
regions lie below the horizontal dotted lines. The top panels are obtained using
Qgas+star provided by Rafikov (2001) and the bottom panels use the Romeo &Wiegert
(2011) approximation.
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Figure 3.25 Left: ΣH2/ΣHI as a function of the hydrostatic midplane pressure.
Middle: ρH2/ρHI as a function of the interstellar gas pressure Pg using the derived
volume density at the midplane and varying velocity dispersion. Right: ρH2/ρHI as
a function of Pcg using the volume density and an assumed velocity dispersion of
8 km s−1 (right). The obtained power-law slopes (α) are shown in the lower-right
corner. The dotted line represents the power-law relationship with slope of 0.92 from
Blitz & Rosolowsky (2006) for comparison.
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4 Conclusions
We have investigated the relationship between SFR and gas surface density, the role
that the gravitational instability parameter Q plays in determining the star forming
region, and the relationship between the interstellar gas pressure and the H2/H I ratio
in our sample of edge-on galaxies (NGC 891, 4157, 4565, and 5907). For this study,
we have estimated the midplane volume densities and the vertical velocity dispersions
as functions of radius using the derived surface density profiles and the thicknesses
of CO, H I, and stars.
We first carried out this study on NGC 891 in Chapter 2. Since NGC 891 is an
almost edge-on (i ∼> 89◦) galaxy, we have obtained the scale heights of CO and H I
by fitting a Gaussian function to the vertical profile of a intensity map integrated
over a small range of terminal velocities. After completing our study of NGC 891,
we extended it to three edge-on galaxies, NGC 4157, 4565, and 5907, in Chapter 3.
Since the other galaxies are less inclined than NGC 891, we have determined their
inclinations following Olling (1996) in order to take into account projection effects
when deriving the gas scale height. For stellar scale height, we have used the isother-
mal sech2 function to fit the minor-axis profile of 3.6 µm. Our conclusions from this
study are the following.
Radial Variation in Vertical Distribution
The measured scale heights of the gas and stars increase as functions of radius and
the derived velocity dispersions decline with radius in NGC 891. The scale heights of
the less edge-on galaxies also increase with radius although the gradients are smaller
than that of NGC 891 and the flaring of the CO disk in NGC 4565 and 5907 is not
well-resolved. The average CO scale height appears to correlate with the average
ΣSFR for these three galaxies. Decreasing velocity dispersions with radius are also
found in the less edge-on galaxies even though the CO velocity dispersions of NGC
4565 and 5907 are very low compared to the other galaxies, due to their low density
and small disk thickness.
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Star Formation Law
The comparison between SFR and gas shows similar behavior in the SFR and molec-
ular surface-density profiles and a strong correlation between ΣSFR and ΣH2 . The
obtained Schmidt law index for our sample of galaxies ranges from 0.29 – 0.86 for
the molecular gas and from 1.39 – 3.27 for total gas using the radial profiles. The
difference between the molecular and total gas indices is smaller in NGC 891 (0.86
for ΣH2 and 1.62 for Σgas) compared to the other galaxies since there is a significant
amount of CO compared to H I in NGC 891. We also obtained the Schmidt law
index for the molecular gas based on the pixel-by-pixel method and the range of the
index is from 0.43 to 0.57 for the sample. A power-law correlation between ΣSFR and
ΣH2 for both the radial profile and the pixel-by-pixel analysis is clearly shown in our
sample of galaxies. In addition, ΣSFR seems to be better correlated with ΣH2 than ΣHI.
Gravitational Instability
The derived radial profile of Qgas+star using varying σg and σ∗ shows marginal insta-
bility throughout the disk of NGC 891, consistent with self-regulated star formation.
The Qgas+star using constant σ values appears to predict the star forming regions of
the disk in most of the galaxies, but the constant value of the velocity dispersion is
not realistic based on our other results. In addition, both varying and constant σ
cases are not able to predict the presence of massive star formation near the galactic
center. The comparison between varying and constant velocity dispersions for the
Qgas+star profile in our sample suggests that the gravitational instability parameter
is a poor predictor of where massive star formation occurs. In the varying σ case for
all galaxies, there is evidence for regulation of the Qgas+star parameter, although the
values are a bit larger than unity in most of the galaxies.
Molecular to Atomic Gas Ratio
The fitted power-law index of the relationship between the hydrostatic midplane
pressure and ΣH2/ΣHI ranges from 0.92 to 1.67 for our sample of galaxies and these
values are in reasonable agreement with previous studies. The comparison of the
relationships between ρH2/ρHI ratio and turbulent gas pressure (ρgσ
2
g) using constant
and varying velocity dispersions for NGC 891 shows that the relationship with varying
σg is much better than that with constant σg at high z (up to 10
′′) even though both
cases are well fit by a power-law relationship at z = 0. The relationships between
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the hydrostatic midplane pressure and the ΣH2/ΣHI ratio and between the interstellar
gas pressure (ρ0gσ
2
g) and the ρH2/ρHI ratio at the midplane show well defined power-
law correlations in our sample of galaxies. In addition, the comparison between
varying and constant σg for the relationship between the gas pressure and the ρH2/ρHI
ratio shows a tighter correlation with constant σg, suggesting the more fundamental
correlation is between the ratio and volume density of gas rather than the pressure.
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5 Future Work
As an extension of my current study, I plan to undertake the following projects to
study galaxy structures and star formation in galaxies.
5.1 NGC 4013
The edge-on galaxy NGC 4013 is very famous for its high inclination (i ∼ 90◦; van
der Kruit & Searle 1982) and highly warped H I gas layer in the outer disk (Bottema
1995; Bottema 1996). It is a quite small (D25 = 4.
′87; Verheijen & Sancisi 2001) spiral
galaxy and placed at about 11.6 Mpc (Bottema 1995) in the Ursa Major cluster. The
study of molecular gas emission by Gomez de Castro & Garcia-Burillo (1997) found a
compact nuclear disk suggesting a molecular gas bar and explaining the box-shaped
bulge. Since this galaxy shows several distinct features such as extraordinary H I
warp, and a bar leading to a boxy bulge, NGC 4013 will allow us to examine how
these features affect the results obtained from our sample of galaxies (NGC 891, 4157,
4565, and 5907).
We made CO observations of NGC 4013 using CARMA C and D arrays in 2007–
2008 and later on, we have obtained more CO data made with all OVRO configura-
tions by Eva Schinnerer et al., so we have combined the OVRO and CARMA data.
The combined CO map has an angular resolution of 2.80′′ × 2.08′′ and velocity res-
olution of 10 km s−1. We also obtained H I data from the EVLA (B and C arrays)
in 2010-2011 and the data were combined with VLA H I data in D configuration
obtained from the NRAO archive, resulting an angular resolution of 7.7′′ × 7.47′′.
In addition, we obtained the 3.6 and 24 µm maps form Spitzer archive and reduced
them using MOPEX.
We will derive the radial distributions of gas (using the PVD method) and stars
(using RADPROF) and the vertical distributions (scale heights and velocity disper-
sions) of gas and stars. Since this galaxy is almost edge-on, we will use a Gaussian
fit to the vertical profile of terminal velocity integrated map in order to obtain the
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gas scale height, following Paper I. Using the measurement of the radial and vertical
profiles, we will investigate the star formation law, the role of the gravitational in-
stability parameter Q, and the relationship between the interstellar pressure and the
molecular to atomic gas ratio. We will also examine how the gravitational parameter
and the pressure change with varying velocity dispersions. This work will be com-
pared to the results obtained from the other galaxies in order to examine whether the
study of NGC 4013 will affect the generalizations we made in Chapter 3.
5.2 Better Resolution of H I Data for NGC 4157
and 5907
We have requested H I observations of the two edge-on galaxies NGC 4157 and 5907
in EVLA’s B configuration in order to obtain comparable resolution to the CO data
and new observations are scheduled totaling 48 hours (24 hours for each galaxy). In
combination with existing data from the VLA’s C and D configurations, these will
provide the necessary resolution and sensitivity to study the vertical structure of the
H I disk and star formation in these galaxies.
We will test whether there will be changes in the values of the H I scale heights
for NGC 4157 and 5907 after including the higher resolution data. In addition, we
will investigate the relationship between ΣSFR and Σgas based on the pixel-by-pixel
method, which could not be studied with the existing H I data due to poor resolution
compared to the CO and 24 µm maps. Therefore, the comparable resolutions to the
CO data will allow us to study the “total gas” star formation law on the pixel-by-pixel
basis and compare with previous studies. In addition, the better resolution of the H I
data will enable us to investigate the relationship between the ρH2/ρHI ratio and the
interstellar pressure (ρgσ
2
g) at high z as in our study of NGC 891.
5.3 Star Formation along Bar Structures
Optical and infrared profiles of galactic bulges are affected by disk structures including
bars. Most edge-on galaxies are known to have either a box-shaped or a peanut-
shaped bulge depending on the direction and the strength of a bar structure (Combes
& Sanders 1981). When a bar is close to the plane of the sky (side-on bar), the galactic
bulge may look peanut-shaped. In contrast, when a bar is viewed along the line of
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sight (end-on bar) or at some intermediate angle, the bulge may appear round or box-
shaped, respectively. Therefore, comparing the isophotal shapes of bulges allows us
to constrain the bar orientation. Since some studies have suggested quite active star
formation along bar structures (e.g, Martin & Friedli 1997), star formation features
may be distributed differently depending on the orientation of the bar. Using deep
infrared imaging from Spitzer and position-velocity diagrams from CO and H I where
available, we will classify edge-on galaxies according to bar strength and orientation
and investigate how the distribution of star formation is related to these parameters.
5.4 From Edge-On to Face-On Galaxies
The relationship between gas mass and star formation rate is usually written in terms
of surface densities (e.g., ΣSFR ∝ (Σgas)1.4, Kennicutt 1998) by assuming constant
scale heights. However, the quantity which should be related to star formation is the
volume density of the gas instead of the surface density (Schmidt 1959). We have
derived the flaring profile directly from the CO and H I observations of the edge-on
spiral galaxies. Since a recipe for star formation based on surface density assumes
a constant scale height for the gas, the flaring of the gas disk may have observable
effects on the star formation law. For an initial look, we fit a power-law relation to
ΣSFR vs. ρ0g (midplane total density of gas) in Figure 5.1 and obtained the slope and
scatter. The obtained slopes and scatters are 1.19 (0.27 dex), 1.34 (0.13 dex), 0.66
(0.24 dex), and 0.88 (0.19 dex) for NGC 891, 4157, 4565, and 5907, respectively. It
is clear that a power-law relationship is not a good description of the ΣSFR vs. Σgas
relation in NGC 4565. The correlation based on the volume density appears to be
tighter than the ΣSFR vs. Σgas relation based on the scatter. In future work, we will
derive the SFR volume density using the CO scale height, which is correlated with
the SFR tracer 24 µm emission, for characterizing the volume Schmidt law in edge-on
galaxies, then try to apply our prescription to face-on galaxies using indirect probes
of volume density (e.g, HCN/CO ratio). This study will enable us to constrain how
the volume and surface density star formation “laws” differ.
In addition, we will build a model for the vertical velocity dispersion as a function
of radius based on observations of face-on galaxies. The model will allow us to in-
vestigate how the SFR depends on volume density, interstellar pressure (ρgσ
2
g), ratio
of molecular to atomic volume density, and gravitational instability in all types of
galaxies. These relationships will tell us how ISM properties are correlated with star
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formation much more reliably than previous studies using constant velocity disper-
sions.
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Figure 5.1 Plot of ΣSFR vs. ρ0g (left panels) and ΣSFR vs. Σgas (right panels).
101
A Radial Distributions of H2 and H I
A.1 Comparison between PVD and RADPROF
In addition to the radial gas profiles derived by the PVD method shown in Fig. 2.6(a),
we obtained the radial distribution of H2 and H I using the RADPROF program
to compare the two methods. Figure A1 shows the comparison between the two
methods (PVD and RADPROF). The RADPROF profiles appear roughly similar to
the radial profiles obtained from the PVD method. But there is a discrepancy in
the central region for H I, where both methods are less reliable. RADPROF suffers
from smoothing effects and is unable to accurately reproduce small-scale structure,
as discussed in Warmels (1988). Also, it works from the outside inward and errors
can accumulate in the center. Note that S/N of H I is low at the center in contrast
to the H2 profile. The PVD method is also less reliable in the central region, since
it relies on the assumption of a flat rotation curve, which is likely to be incorrect in
this region. Also, since a fixed velocity width corresponds to a smaller line-of-sight
depth near the center of the galaxy, especially near the terminal velocity, the face-on
brightness of a PVD pixel becomes higher if located near the center of the galaxy.
This will tend to magnify noise fluctuations near the center. However, total flux of
H I appears to be not much different (within ∼ 5%) for the two methods in spite of
the discrepancy near the center. We estimate that the uncertainty in the total gas
profile is a factor of 2 based on the standard deviation of the differences between PVD
and RADPROF profiles of CO shown in Fig. A1(a). Since H I does not contribute
much to the total gas, we have estimated the uncertainty from only the CO profile.
We classify this uncertainty as a potential systematic error in the PVD method, to
be distinguished from errors due to thermal noise or non-axisymmetry of the galaxy.
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Figure A1 (a) Comparison between the RADPROF and PVD methods for H2 radial
profile. (b) Comparison between the RADPROF and PVD methods for H I radial
profile.
A.2 Galaxy Models
We have generated models of NGC 891 using the GIPSY task GALMOD to examine
how well the two methods for deriving radial profiles are able to recover an input
model. CO and H I data cubes are used as an input to set a coordinate system for
the CO and H I models. Each model consists of rings located at every 10′′ from the
center up to 280′′ and each ring is formed by a circular velocity, a surface density, and
several properties such as scale height, inclination, velocity dispersion, and position
angle. For the surface density we used the radial profiles obtained by the PVD
method in Figure 2.6(a). The circular velocity at each ring is the assumed value of
250 km s−1, which is used in the PVD method. For the other properties such as scale
height (19′′ for HI and 7′′ for CO), inclination (90◦), velocity dispersion (8 km s−1),
and position angle (23◦), we used a constant value at each ring. Figure A2 shows
radial profiles of the models (derived from the two methods PVD and RADPROF)
and the input surface-density profile. In general, the retrieved PVD profiles from the
CO and H I models match their input profiles. Also, the profiles obtained by the
two different methods agree each other well, although the RADPROF profile is more
smooth because RADPROF does not use velocity information.
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Figure A2 (a) Radial profiles of CO model obtained from the PVD method (blue
line with open circles) and the RADPROF task (red line with open squares). The
dashed line profile with solid circles represents the input profile for the CO model.
(b) Radial profiles of H I model obtained from the PVD method (blue line with open
circles) and the RADPROF task (red line with open squares). The dashed line profile
with solid circles represents the input profile for the H I model.
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B Approximations for Hydrostatic
Pressure
Close to the midplane of a self-gravitating disk with an isothermal velocity dispersion
σ, the density is given by Spitzer (1942)
ρ = ρ0 sech
2
(
z
z0
)
where z20 =
σ2
2πGρ0
. (B1)
Integrating in z yields a mass surface density Σ = 2ρ0z0. The turbulent pressure at
the midplane is then given by
P0 = ρ0σ
2 =
πG
2
Σ2 . (B2)
The case of a gas disk embedded in a stellar disk (Talbot & Arnett 1975) modifies
the density distribution to be
ρg(z) = ρ0g exp
[
φ(z)− φ(0)
σ2g
]
. (B3)
where φ is the gravitational potential. Taking the leading term in Poisson’s equation
when expanding around z = 0 yields a Gaussian distribution
ρg = ρ0g exp
(
− z
2
2h2g
)
where h2g =
σ2g
4πGρ0,tot
. (B4)
Note that in this case the gas surface density is Σg = (2π)
0.5ρ0ghg. Talbot & Arnett
(1975) then derive the midplane gas pressure to be (see also Elmegreen 1989):
P0 =
1
2
Σgσg
[
πG
(
Σg
σg
+
Σ∗
σ∗
)]
=
πG
2
Σg
(
Σg +
σg
σ∗
Σ∗
)
, (B5)
where the expression in square brackets is approximately the vertical oscillation fre-
quency of a test particle in the combined potential of gas and stars. If the dominant
stellar disk maintains a sech2 density distribution (Equation B1), this expression can
105
be recast in terms of densities as
P0 =
πG
2
Σgσg
[
ρ0g
(2Gρ0,tot)0.5
+
2(ρ0∗)
0.5
(2πG)0.5
]
. (B6)
In the star-forming disk of a large spiral galaxy, neglecting the influence of dark
matter in the disk, one can often assume ρ0g ≪ ρ0∗ ∼ ρ0,tot. Thus, ignoring the first
term in brackets leads to
P0 ≈
√
πG
2
(
Σ∗
z0∗
)0.5
Σgσg , (B7)
which is approximately the expression adopted by Blitz & Rosolowsky (2004). Note
that Blitz & Rosolowsky (2004) define their stellar scale height as h∗ = z0∗/
√
2.
Note also that σg should technically be considered the “effective” velocity dispersion
to allow for partial support from cosmic-ray and magnetic field pressure (Talbot &
Arnett 1975; Elmegreen 1989), which can increase the gas scale height. However,
Elmegreen (1989) has argued that the external pressure on an interstellar cloud is
primarily the kinematic component, which is of order 60% of P0.
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